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ABSTRACT
The macrobenthic inverteb ra tes  of th e  North Carolina continental 
sh e lf  in the  v ic in i ty  of Cape Hatteras were sampled during four 
seasonal c ru is e s ,  June 1977 to  January 1978. The diverse  assemblage 
of macrobenthic organisms co llec ted  was comprised of over 600 species 
d is t r ib u te d  among 14 phyla. A v a rie ty  of fa c to rs  found to  s t ru c tu re  
species d is t r ib u t io n s  in  the  study area are  t r e a te d :  1)
macrobenthos-sediment re la t io n s h ip s ,  2) species d is t r ib u t io n s  within 
an area a ffec ted  by an oceanic f ro n t ,  and 3) comparative biogeography 
and paleobiography.
Macrobenthos-sediment re la t io n sh ip s  were invest iga ted  in the  area 
surrounding Diamond Shoals, a submarine extension of Cape H atteras , 
where a broad range of sediment tex tu re s  was found in a very localized  
a rea . Four benthic assemblages, each rep resen ta tive  of sp ec if ic  
sediment regimes, were recognized in  the  Diamond Shoals region. The 
r e s u l t s  of m u lt iv a r ia te  analysis  were in te rp re ted  as ind ica ting  th a t  
the  percentages of very f ine  sand and s i l t  and clay were of g rea tes t  
b io logica l s ig n if ic an ce .  I t  i s  suggested th a t  the  importance of the  
f in e r  p a r t ic le s  i s  due to  t h e i r  influence on sediment permeability and 
organic content. The degree of p a r t i c le  so rt in g  was a lso  important in 
accounting fo r  some faunal d ifferences  with fo sso r ia l  species 
predominating in  the  most w ell-sorted  sediments.
Thermal fa c to rs  were found to  be the  dominating fa c to r  in species 
d is t r ib u t io n s  on the  sh e lf  north of Cape H atteras , an area occupied by 
a sharp thermal fro n t  between Gulf Stream and Virginia Shelf Water. 
This fro n t  was charac terized  by a temperature gradient of 12°C and a 
s a l i n i ty  gradient of 5°/oo over a d is tance  of Z7 km or le s s .  The 
benthic community exposed to  the  g re a te s t  thermal v a r ia b i l i ty  within 
the  fro n t  was more speciose than the  benthos of more thermally s tab le  
areas to  the  north and south, but otherwise demonstrated no unique 
c h a r a c te r i s t i c s .  For several species the  fro n t  represented a 
zoogeographic b a r r ie r  with cold-water species r e s t r i c te d  to  the  
northern portion of the  fron ta l  area and warm-water species r e s t r ic te d  
to  the  southern portion .
The North Carolina region in general was confirmed to  represent a 
zoogeographic b a r r ie r  to  several major macrobenthic taxa . At 
mid-shelf depths the  Cape H atteras region was f a r  more e f fe c t iv e  in 
l im it in g  the  northward d is t r ib u t io n  of southern species than in 
l im it in g  the  southward d is t r ib u t io n  of northern species.
Biogeographic a f f i n i t i e s ,  extent of geographic range, and a b i l i ty  to  
tra v e rse  the  Cape Hatteras area were compared among the  four most 
speciose macrofaunal groups, th e  Polychaeta, Amphipoda, Bivalvia and 
Gastropoda. The polychaetes and amphipods generally  exhibited  the 
broadest geographic d is t r ib u t io n s  while the  molluscs, p a r t ic u la r ly  the  
gastropods, were the  most narrowly d is t r ib u te d .  These d ifferences  are 
re la ted  to  the  d ispersa l c a p a b i l i t i e s  and comparative degree of 
eurytopy among the  four macrofaunal groups considered. The 
present-day d is t r ib u t io n s  and biogeographic a f f i n i t i e s  of th e  North 
Carolina macrofauna are also  a function of the  geologic h is to ry  of the 
northwestern A tlan tic  and the evolutionary o rig in  of the  fauna.
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DISTRIBUTION OF MACROBENTHIC INVERTEBRATES 
ON THE NORTH CAROLINA CONTINENTAL SHELF 
With Consideration of Sediment, Hydrography and Biogeography
INTRODUCTION
The continental sh e l f  in the  v ic in i ty  of Cape H atteras , North 
Carolina has a number of g eo log ica l ,  physical and biological 
c h a ra c te r i s t ic s  which make i t  unique among a l l  o ther sh e lf  areas along 
the North American A tlan tic  seaboard. Much of i t s  uniqueness can be 
a t t r ib u te d ,  e i th e r  d i r e c t ly  or in d i r e c t ly ,  to  the  bathymetry of the  
region. Along most of the American A tlan tic  coast north of Cape 
Canaveral, Florida the  continental sh e l f  exceeds 100 km in width. 
However o ff Cape Hatteras the sh e lf  narrows to  only 23 km. Much of 
th i s  d is tance  i s  occupied by Diamond Shoals, a submarine extension of 
Cape H atteras charac terized  by dynamic, sh i f t in g  sands and water 
depths of generally  le ss  than 10 m.
Because of the c o n s tr ic t io n  of the continental sh e lf  o ff  Cape 
Hatteras and the shallow depths of Diamond Shoals, the re  i s  l i t t l e  
opportunity fo r  exchange of sh e lf  water around the Cape. Consequently 
the  hydrographic regimes on e i th e r  side of the  Cape are very 
d i f f e r e n t .  South of Cape Hatteras the sh e lf  i s  occupied by the 
Carolina Shelf Water. Excluding inshore w aters, water temperatures of 
Carolina Shelf Water are generally  high (>15°C) throughout the year .  
The sh e lf  north of Cape Hatteras i s  occupied by the  Virginia Shelf 
Water. This water mass is  charac terized  by pronounced seasonal 
v a r i a b i l i ty .  While high temperatures north of Cape Hatteras are 
nearly as great as those south of the Cape, low temperatures can reach
2
34°C. The seaward boundary of sh e l f  waters 1n the  Cape H atteras region 
1s formed by the  Inshore margin of the  Gulf Stream. The Gulf Stream 
flows northward along the outer sh e lf  throughout the  South A tlan tic  
Bight but tu rn s  eastward near Cape H atte ras ,  moving away from the  
co as t .
As a consequence of the  hydrographic c h a r a c te r i s t ic s  of the Cape 
H atteras a rea , the  region 1s of grea t b io logical s ign if icance  as a 
zoogeographic b a r r i e r .  Nearly every major group of marine f lo ra  and 
fauna examined has been found to  ex h ib i t  rapid la t i tu d in a l  change In 
species composition within the Cape Hatteras a rea . A la rge  number of 
t ro p ica l  and subtropical species reach th e i r  northern l im i t  In the  
v ic in i ty  of Cape H atte ras ,  while many boreal species are s im ila r ly  
limited 1n th e i r  southward d is t r ib u t io n .
In June 1977 an In ten s iv e ,  m u lt i -d isc ip l in a ry  study was launched 
by the  University of Wisconsin to  explore the  re la t io n sh ip  between 
many of the unique fea tu res  of the  Cape Hatteras region and the b io ta .  
A sharp Gulf Stream-Vlrginia Shelf Water fro n t  located north of Cape 
Hatteras was of p a r t ic u la r  I n te r e s t ,  but a broad portion of the  North 
Carolina sh e lf  was In v es t ig a ted ,  extending from o ff  Cape Lookout 
northwards to  an area 55 km south of the  Virginia border. Four 
sampling c ru is e s ,  spaced to  as permit evaluation of seasonal 
v a r i a b i l i ty ,  were made between June 1977 and January 1978. Three 
major components of the  b io ta  were in ten s iv e ly  sampled: 1) demersal
f i s h e s ,  2) megabenthic in v e r te b ra te s ,  p a r t ic u la r ly  decapods and 
echinoderms, co llec ted  by o t t e r  t ra w l,  and 3) macrobenthic
4In v e rteb ra te s  co llec ted  by Smith-Mclntyre grab. A v a r ie ty  of physical 
and chemical parameters were a lso  measured concurrently  with the  
b lo log ia l sampling.
This d is s e r ta t io n  examines the  macrobenthic inve rteb ra tes  of the 
Cape Hatteras region and attempts to  Iden tify  the  fa c to rs  responsible  
fo r  the d is t r ib u t io n  pa tte rns  observed. Physical determinants of 
d is t r ib u t io n  ( s u b s t ra te ,  temperature and s a l i n i ty )  and In t ra sp e c if ic  
b io logica l fac to rs  ( e .g .  d ispersa l  a b i l i t y )  a re  given primary 
considera tion . In te rsp e c i f ic  b iological fa c to rs  (e .g .  p redation , 
competition) which may influence d is t r ib u t io n  could not be e x p l ic i t ly  
evaluated using th i s  sampling scheme. Physical and b iological fac to rs  
which s t ru c tu re  faunal d is t r ib u t io n  are addressed in th ree  Independent 
chap te rs ,  each of which examines fac to rs  operating on successively 
broader sp a tia l  sca le s .
Chapter 1 considers faunal changes occurring over r e la t iv e ly  
short d is tances  of a few kilometers as a r e s u l t  of su b s tra te  
d if fe ren c es .  Only samples co llec ted  in the 1mned1ate v ic in i ty  of 
Diamond Shoals are considered 1n order to  Include a broad range of 
sediment types yet minimize d ifferences  in temperature and s a l in i ty  
which might occur over a g rea te r  la t i tu d in a l  d is tan ce .  The 
re la t io n h ip  between grain s ize  and faunal d is t r ib u t io n  i s  examined by 
several m u lt iv a r ia te  techniques including discrim inant analys is  and 
detrended correspondence an a ly s is ,  a recen tly  developed ordination 
procedure.
Chapter 2 d iscusses changes In faunal composition occurring over 
a 50 km d is tance  extending from Oregon In le t  to  s l ig h t ly  north of Cape 
H atteras . This area 1s occupied by a sharp oceanic fron t 
charac te rized  by strong grad ien ts  1n temperature and s a l i n i t y .  The 
Importance of the  f ron t In s t ru c tu r in g  the benthic community 1s 
evaluated , as well as I t s  ro le  as a blogeographlc b a r r ie r  1n l im it ing  
the  la t i tu d in a l  range of benthic organisms.
D is tr ibu tions  of species on a global sca le  a re  considered 1n 
Chapter 3 as the re la t iv e  e ffec t iveness  of the  Cape Hatteras area as a 
zoogeographic b a r r ie r  to  a b a r r ie r  to  a v a rie ty  of major benthic taxa 
1s evaluated . A taxon 's  a b i l i t y  to  t ra v e rse  the Cape Hatteras area Is 
considered In l ig h t  of each tax o n 's  mode of reproduction and d ispersa l 
c a p a b i l i t i e s .  Global pa tte rns  of d is t r ib u t io n  are in te rp re ted  in 
re la t io n  to  both present day d ispersa l mechanisms and evolutionary 
pa tte rn s  of d ispersa l throughout the T e r t ia ry  and Quaternary.
Chapter 1
MACROBENTHOS-SEDIMENT RELATIONSHIPS OFF 
CAPE HATTERAS, NORTH CAROLINA: 
APPLICATION OF MULTIVARIATE ANALYTICAL TECHNIQUES
D. P. Weston
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ABSTRACT
The complex curren t regime associated  with Cape H atteras ,  North 
Carolina r e s u l t s  1n an unusually broad range of sediment tex tu res  fo r  
open s h e lf  areas of comparable s iz e .  The median grain  s ize  ranged 
from coarse to  very f in e  sand, while the  percentage of si I t  and clay 
ranged from 0 to  27%. Four assemblages of macrobenthic species were 
recognized, separable on the  basis  of sediment type: 1) a muddy, very
f in e  sand assemblage dominated by Lumbrinerls 1mpat1ens, 2) a f in e  to  
medium sand assemblage domnlated by Polyqordlus s p . ,  3) a w e ll-so rted , 
f in e  sand assemblage dominated by Protonaustorlus c f .  delchmannae, and 
4) a medium to  coarse sand assemblage charac te rized  b.y Hemlpodus 
roseus and Hesionura e lonqata . Multiple discrim inant analysis  and 
detrended corespondence an a ly s is ,  a l in e a r  ord ination  technique, were 
used to  id e n t i fy  which of 8 sediment parameters were most useful 1n 
In te rp re t in g  faunal p a t te rn s .  Sediment so r t in g ,  as r e f le c t iv e  of 
sediment m obility , was Important 1n determining the dominance of 
fo s so r la l  species . The percentages of very f in e  sand and s i l t  and 
clay were found to  be of b iological s ig n if ican ce  because of t h e i r  
e f fe c t s  on sediment perm eability  and the  type and a v a i l a b i l i ty  of food 
resources.
INTRODUCTION
The Importance of sediment in s tru c tu r in g  macroinvertebrate 
communities has been often  demonstrated, but mainly 1n e s tu a r ie s  
(McNulty e t  a l . ,  1962; Nichols, 1970; Bloom e t  a l . ,  1972) or shallow 
marine embayments (Sanders, 1958; Young and Rhoads, 1971; Franz, 1976; 
Blernbaum, 1979). This emphasis 1s la rge ly  a r e s u l t  of both the 
a c c e s s ib i l i ty  of these  environments and the wide d iv e rs i ty  of sediment 
types present in  r e la t iv e ly  c lose  proximity. Animal-sediment 
re la t io n sh ip s  on the open continental sh e lf  have received considerably 
le ss  a t te n t io n  and several of the  s tud ies  of th i s  environment have 
found l i t t l e  influence of sediment type on animal d is t r ib u t io n  
(Buchanan, 1963; Day e t  a l . ,  1971).
The continental sh e lf  o ff  Cape H atte ras ,  North Carolina has a 
number of unique fea tu re s  which make 1t e sp ec ia l ly  su i tab le  fo r  
in v es t ig a t io n s  of animal-sediment r e la t io n sh ip s .  Diamond Shoals, 
extending seaward across tw o-th irds of the sh e lf  o ff  Cape H atteras , i s  
charac te rized  by water depths of le ss  than 10 m. The complex current 
regime assoc ia ted  with Diamond Shoals r e s u l t s  1n an unusually broad 
range of sediment tex tu re s  fo r  open sh e lf  areas of comparable s iz e .
For example, in the  Middle A tlan tic  Bight, the  percentage of s i l t  and 
clay of sh e lf  sediments is  generally  le ss  than 10% (Boesch and Bowen, 
in  p re p .) .  In c o n tra s t ,  sh e lf  sediments in  the  Cape Hatteras region 
may range from near 0 to  in excess of 27% s i l t  and clay .
8
A dditionally , the  sedimentary environment of the  Cape Hatteras 
area may have important zoogeographlc im plica tions . The Cape Hatteras 
area ac ts  as an e f fe c t iv e  zoogeographlc b a r r ie r  fo r  a wide v a r ie ty  of 
faunal groups (Briggs, 1974; Cerame-V1vas and Gray, 1966). Though 
temperature l im ita t io n s  are  undoubtedly of major Importance in the 
term ination of many species d is t r ib u t io n s  1n t h i s  a rea ,  fa c to rs  o ther 
than temperature appear to  be Involved 1n some cases (Vernberg and 
Vernberg, 1970). Harrington (1981) suggested th a t  the  unstable sands 
of the Diamond Shoals area l im it  the d i s t r ib u t io n  of those echinoderm 
species not having a s u f f ic ie n t ly  long pelagic  larval l i f e  to  survive 
passage over the Shoals.
This study had th ree  ob jec t iv es :
1. to  describe the  sedimentary environment of the  Cape Hatteras
area and i t s  re la t io n sh ip  to  the macrobenthic communities,
2. to  examine the  u t i l i t y  of several m u lt iv a r ia te  s t a t i s t i c a l
techniques 1n Inves tiga tion  of animal-sediment r e la t io n sh ip s ,
3. to  id e n t i fy  the sediment grain s ize  parameters most
responsib le  fo r  community p a t te rn s .
METHODS
C ollections were made during four c ru ise s  of the  R/V Eastward 
spring (M^ y 31-June 14, 1977), sumner (August 3-16, 1977), f a l l  
(October 17-31, 1977) and w inter (January 4-16, 1978). The sampling 
area (Figure 1) was subdivided in to  th ree  s t r a t a ,  H atteras:N orth , 
Hatteras:Mid and H atteras:South , located to  the  north , e a s t  and south 
of Diamond Shoals, re sp ec tiv e ly .  The sampling s i t e s  were aligned 
along the  30 m depth contour, but because o f  the  steepness o f  the  
bottom topography, sampling depths varied from 23-54 m. On each 
c ru is e ,  sampling locations  were chosen randomly within each stratum 
with equalized sampling e f fo r t  between s t r a t a .  A to ta l  of 76 samples 
was co llec ted  fo r  b io log ical and sediment analyses over the  four 
c ru ise s .
At each s i t e ,  bottom water temperature and s a l in i ty  were measured 
using a shallow-water mechanical bathythermograph (BT) and Beckman 
induction salinom eter. Measurements were a lso  taken p e r io d ica l ly  with 
a reversing thermometer and Hytech salinom eter, and the BT and Beckman 
salinometer readings corrected  accordingly.
Macrofauna was co llec ted  using a 0.1 m2 Smith-McIntyre grab.
Most organims were separated from the sediment by e lu t r i a t io n  through 
a 0.5 mm mesh Nitex screen , with the  material remaining in the  
container washed through a 1.0 mm mesh screen. Both the  0.5 and 1.0
10
1 . .
Figure 1 Location o f  the th ree  sampling s t r a t a  with the 
sp ec if ic  co l le c t io n  s i t e s  ind ica ted . Depth contours 
in meters.
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urn f ra c t io n s  were placed 1n MgCl2 t0  an es the tize  the  organisms, and 
then t ra n s fe r re d  to  10% buffered formalin s ta ined  with Rose Bengal.
Sediment samples co llec ted  from each grab were dried  a t  100°C and 
100 g a l iq u o ts  obtained by use of a sediment c u t t e r .  The material was 
sieved through a s e r ie s  of Standard Sieves with s i l t s  and clays 
combined as pan weight. Sediment parameters were determined using 
modified Inman measures (Inman, 1952).
S ta t i s t i c a l  analyses
In order to  de lim it zones of faunal s im i la r i ty  c lu s te r  analysis  
was performed, d e le t in g  those species which occurred In 3 or le ss  
samples. Algorithms used Included log-transformat1on of species 
abundances, the  Bray-Curt1s s im i la r i ty  measure (Bray and C urtis ,
1957), and f le x ib le  so rting  wlthyfl e s tab lished  a t  -0 .25 (C liffo rd  and 
Stephenson, 1975).
Ordination was performed using detrended correspondence analysis  
(DCA, Hill and Gauch, 1980). DCA 1s a modification of reciprocal 
averaging ord ination  which a l le v ia te s  many of the problems Inherent in 
the  l a t t e r  technique (H111 and Gauch, 1980). S p ec if ic a l ly ,  DCA 
e lim inates  the  'a r c h '  or 'horseshoe ' e f f e c t  of reciprocal averaging 
re su l t in g  from th e  quadratic  dependency of the  second axis on the 
f i r s t .  A dditiona lly , DCA resca le s  the  axes to  e lim inate  the 
compression of o rd ination  d is tances  a t t h e i r  ends.
Multiple d iscrim inant analysis  (N1e e t  a l . ,  1975) was used to  
evaluate  the  s ign if icance  of the  group separa tion  derived by c lu s te r
an a ly s is ,  and to  in te rp re t  th i s  separation  1n l ig h t  of a va r ie ty  of 
sedimentary v a r ia b le s .  Sediment percentages used 1n the analysis  were 
transformed by a r c s in V p ' to  induce normality. The so rting  co e f f ic ien t  
was l e f t  untransformed as i t  was already in  logarithm ic ‘p h i1 u n its .
RESULTS
Temperature and s a l in i ty
The Cape H atteras region 1s marked by abrupt temperature and 
s a l i n i ty  fro n ts  between widely divergent water masses (Herbst e t  a l . ,  
1979). However the th ree  H atteras sampling s t r a t a  were a l l  exposed to  
s im ila r  conditions of temperature and s a l i n i t y  owing to  t h e i r  
r e la t iv e ly  small geographic extent (Table 1). The g rea te s t  
d iffe rences  observed 1n mean temperature and s a l i n i ty  between s t r a t a  
during any c ru ise  were 2.5°C and 1.1 °/oo during the f a l l  sampling 
period, a period in which th e  H a tte ra s : North s t r a ta  was influenced by 
a thermal fro n t  (Harrington, 1981).
The temperature of bottom water varied seasonally  from 16°C 
during the winter c ru ise  to  27°C during the summer sampling period. 
Bottom s a l in i ty  ranged from 32 ° /o o , in d ica t iv e  of southerly-flowing 
Virginia Shelf Water, to  36 ° /oo , rep resen ta t iv e  of the 
northeasterly-flow ing Gulf Stream. I t  i s  noteworthy th a t  the  lowest 
s a l i n i t i e s  measured were during the f a l l  and winter c ru is e s ,
Indica ting  in tru s ion  of V irginia  Shelf Water in the  study area during 
th i s  period. This in tru s io n  has been a t t r ib u te d  to  prolonged periods 
of strong n o rtheas te r ly  winds which may force Virginia Shelf Water 
over Diamond Shoals and in to  Raleigh Bay (Wells and Gray, 1960; Gray 
and Cerame-Vivas, 1963; Hunt e t  a l . ,  1977).
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Table 1. Temperature (°C) and s a l i n i ty  (%>o) observations (mean and range) 
of bottom water 1n the th ree  s t r a t a  during the four sampling 
periods (from physical-chemical data base, J .  Magnuson, Univ. 
of Wisconsin-Madison).
S tra ta
Hatteras:Mid Hatteras:SouthSeason
SPRING (June 1977) 
Temperature
S a l in i ty
Hatteras:North
24.4 
(23.8 - 25.2)
35.03
23.9 
(22.5 - 24.9)
34.70
24.1 
(23.2 - 24.7)
34.82
(34.32 - 35.94) (34.20 - 35.00) (33.91 -  35.60)
SUMMER (Aug. 1977) 
Temperature
S a l in i ty
26.9 
(26.3 -  27.5)
35.09 
(34.65 -  35.57)
25.5 
(23.5 -  26.2)
35.22
?•> 4 
(25.1 -*25.9)
35.35
(34.69 -  35.58) (34.74 -  36.25)
FALL (Oct. 1977) 
Temperature
S a l in i ty
20.3 
(16.4 - 26.7)
33.00 
(31.68 -  35.71)
22.8 
(19.4 -  26.3)
34.08
21.3 
(19.6 -*25.6)
34.11
(32.92 - 35.72) (33.23 - 35.50)
WINTER (Jan. 1978) 
Temperature
S a l in i ty
17.3 
(15.4 -  19.2)
35.68 
(32.64 - 36.29)
17.3 
(15.8 - 18.6)
36.00
15.8 
(14.8 -  16.7)
35.57
(35.10 - 36.30) (33.28 -  35.98)
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Sediments
The s u r f ic la l  sediments of the  study area showed considerable 
sp a t ia l  v a r ia t io n  as a r e s u l t  of both the  bathymetry of the  Diamond 
Shoals area and the complex current regime. Median grain s ize  (Figure 
2a) ranged from 0.11 0 (coarse sand) to  3.41 0 (very f in e  sand). The 
coarsest sand occurred 1n portions of the  Hatteras:North stratum. The 
f in e s t  sand was 1n an area of th e  Hatteras:South stratum which 
probably receives f in e  sediments winnowed from Diamond Shoals (Hunt e t  
a l . ,  1977).
The percentage of s i l t  and d a y  (Figure 2b) was generally  low.
The m ajority  of the  s u r f lc ia l  sediments o f  the  study area had less  
than 5% s i l t  and clay though a r e s t r i c te d  region of the Hatteras:Mid 
and Hatteras:South s t r a t a  had as much as 27%.
In order to determine the comparability of sediment data over the 
four c ru ise s ,  the question of temporal change In su b s tra te  composition 
needs to  be addressed. However since no attempt was made to  re turn  to  
previously sampled s ta t io n s  on successive c ru ises  seasonal changes are 
d i f f i c u l t  to assess .  The best av a ilab le  d a ta ,  provided by seasonal 
samples taken within le ss  than 1 km o f each o ther (Table 2 ) ,  indicated 
l i t t l e  temporal change. The only v a r ia t io n  evident was s h i f t  towards 
the f in e r  p a r t ic le  s ize  with time in  Hatteras:South . Since th i s  
v a ria t io n  could a lso  r e f l e c t  subs tra te  pa tch iness, these apparent 
seasonal d ifferences  may be a m isrepresenta tion  of the  t ru e  temporal 
changes.
Figure 2 Grain s ize  parameters of s u r f ic ia l  sediments in the 
study area : (a) median grain  s iz e ,  (b) percentage
of s i l t  and c lay .
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Even on a long-term basis  su b s tra te  composition is  very s tab le  as 
evidenced by the  comparability of two independent s tu d ie s .  In 1970 
and 1971, Hunt e t  a l .  (1977) sampled sediments around Diamond Shoals 
in  an area  th a t  p a r t i a l ly  overlapped the present study area . The mean 
grain  s iz e  (Figure 3) showed remarkable consistency considering the  
f a c t  th a t  the  two se ts  of samples were taken seven years apar t .
Numerical c la s s i f i c a t io n
C luste r  analysis  was performed to  group the  s ta t io n s  according to  
faunal s im i la r i ty .  Four d is c re te  groups re su lted  (Figure 4) with the  
second group consis ting  of th ree  sm aller groups. I t  i s  important to  
note th a t  temporal changes were of no s ign if icance  a t  the  s im ila r i ty  
leve ls  a t  which groups were defined. Seasonal faunal d ifferences  were 
not responsib le  fo r  the major groupings but were expressed only as 
sub-groups within each major c lu s te r .
I t  i s  c le a r  th a t  sedimentary parameters were prim arily  
responsib le  fo r  group separation  with group d iffe rences  largely  
explained on the basis  of median grain s ize  (Figure 5). The faunal 
d i s s im i la r i ty  of groups 2 and 4 i s  su rp ris in g  since th e i r  median s ize  
was s im ila r ,  however the  sediments of group 4 were generally  b e t te r  
so rted .
Group 1 was comprised of the f in e  and very f in e  sands of 
Hatteras:South and the southern portion of Hatteras:Mid. The 
percentage of s i l t  and clay was g rea te s t  in th i s  group, ranging from 
10 to  27% and averaging 16.5%. Species with a high f i d e l i t y  to  Group 
1 s ta t io n s  are i l l u s t r a t e d  in  Figure 6. Lumbrineris impatiens was the  
numerically dominant species in the  f in e  and very f in e  sands with
Figure 3. Temporal s t a b i l i t y  of mean grain s ize  of s u r f ic ia l  
sediments in the Hatteras:Mid stratum as evidenced 
by the comparability of samples taken seven years 
ap ar t:  (a) samples taken in 1970 and 1971 (redrawn
from Hunt e t  a l . ,  1971); (b) samples taken in 1977 
and 1978 during the present study.
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Figure 4. Numerical c la s s i f i c a t io n  o f a l l  c o l le c t io n s  of 
macrobenthos. S t r a ta —H:N=Hatteras:North; 
H:M=Hatteras:Mid; H:S=Hatteras:South. Season— 
(Sp)=Spring; (Su)=Summer; (F)=Fall; (W)=Winter.
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Figure 5 Separation of s ta t io n  groups defined by numerical 
c la s s i f i c a t io n  on the basis  of median grain  s ize  
and sediment so r t in g  c o e f f ic ie n t .
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Figure 6. Species c h a ra c te r i s t ic  of Group 1 s ta t io n s  and th e i r  
abundance as a function of median grain s ize .  Median 
grain s ize  (x axes) given in phi u n i t s ,  density  (y axes) 
given in number of individuals/m^.
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d e n s i t ie s  reaching over 100 per m^. Other species not i l l u s t r a t e d  but 
with a s im ila r  a f f i n i t y  to  Group 1 s ta t io n s  included Mediomastus 
c a l i fo rn ie n s i s  and Prlonospio c r i s t a t a  (Appendix 1).
Group 2 was composed of medium and f ine  sand s ta t io n s  located 
throughout the study area. Groups 2A and 2B included s ta t io n s  with 
coarser and f i n e r  su b s tra te s  re sp ec tiv e ly .  C h a rac te r is t ic  species 
(Figure 7) included the polychaetous annelids Magelona c f .  
pe ttiboneae , Glycera oxycephala and Polygordius sp.
S ta tions of Group 3 were the  coarsest grained 1n the study area, 
with the  percentage of s i l t  and clay le s s  than 1%. This group was 
comprised of s ta t io n s  prim arily  1n the  Hatteras:North area but 
included some s i t e s  in both Hatteras:M1d and H atteras:South. Spisula 
so lid issim a s im il is  was the  only species abundant in Group 3 s ta t io n s ,  
although i t  was not f a i th fu l  to  s ta t io n s  of th i s  group. Many species 
f id e l  to  Group 3 s ta t io n s  were small, i n t e r s t i t i a l  burrowers such as 
Hemipodus roseus, Hesionura elonqata and P ionosy llis  gesae (Figure 7). 
These were a l l  co llec ted  in low numbers, possibly as a r e s u l t  of loss 
through the  0 .5  mm sieve used.
Group 4 s ta t io n s  occupied a r e la t iv e ly  small geographic area in 
Hatteras:North and Hatteras:Mid. Median grain s ize  a t these  s ta t io n s  
ranged from 1.9 to  2.4 0 (fine  sand) with le ss  than 1% s i l t  and clay.
With the  exception of one o u t l i e r ,  sediments of Group 4 s ta tons were 
the  best so rted  of any in the study area with a standard deviation 
around the  mean grain s ize  about 0.5 0. Three fo sso r ia l  amphipods,
Figure 7. Species c h a r a c te r i s t i c  of s ta t io n  Groups 2,3 and 4 
and th e i r  abundance as a function of median grain 
s ize .  Median grain  s ize  (x axes) given in phi u n i ts ,  
density  (y axes) given in number of individuals/m2.
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Protohaustorius c f . deichmannae, Rhepoxynius epistomus and Bathyporeia 
parkeri were c h a r a c te r i s t ic  of Group 4 s ta t io n s  (Figure 7).
Discriminant analys is
M ultiple discrim inant analysis  was performed to  id e n t i fy  the  
sediment v a r ia b le ( s )  which would best account fo r  the  s ta t io n  
groupings created by numerical c la s s i f i c a t io n .  These groups were 
discrim inated on th e  basis  of e ight sediment variab les  including the  
sediment so rt in g  c o e f f ic ie n t  and the  percentages of shell and gravel, 
very coarse sand, coarse sand, medium sand, f in e  sand, very f in e  sand 
and s i l t  and clay (Table 3 ) . Phi s ize  in te rv a ls  were as defined by 
Wentworth (1922). Skewness, ku rtos is  or measures of central tendency 
were considered redundant to  information b e t te r  conveyed by the grain 
s iz e  percentages and were not included.
The overall chi-squared t e s t  of among-group d ifferences  was 
highly s ig n if ic a n t  (pc? = 422.94, d . f .  = 40). The f i r s t  and second 
functions accounted fo r  70.40% and 26.47% of the  among-group variance 
re sp ec tiv e ly .  Only these  functions were considered fu r th e r  in the 
in te rp re ta t io n .
The standardized discrim inant function c o e f f ic ien ts  (SDFC) (Table 
4) in d ica te  the  r e la t iv e  con tribu tion  of the variab les  in ca lcu la ting  
the  discrim inant scores on each function , and are commonly used as a 
measure of the  r e la t iv e  importance of the  va riab les  in d iscrim inating 
between the  groups (Green 1971; Green and Vascotto, 1978). On 
d iscrim inant function  I the  sediment sorting  c o e f f ic ien t  had, by f a r ,  
the  g rea te s t  standardized discrim inant function c o e f f ic ie n t  (1.011).
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Table 4. Standardized discrim inant function c o e f f ic ien ts  and to ta l  s t ru c ­
tu re  c o e f f ic ien ts  showing r e la t iv e  importance of a l l  variab les  
on the f i r s t  two discrim inant functions (DF). Those considered 
most important are underlined.
Standardized discrim inant 
function co e ff ic ien ts
Total s t ru c tu re  
co e f f ic ien ts
Variable DF I DF II DF I DF II
Sorting 1.011 0.569 0.312 -0.540
% Shell and Gravel -0.529 -0.003 -0.339 -0.611
% Very Coarse Sand -0.346 -0.640 -0.208 -0.732
% Coarse Sand 0.020 -0.026 -0.251 -0.822
% Medium Sand -0.240 -0.426 -0.574 -0.738
% Fine Sand -0.354 0.698 -0.541 0.832
% Very Fine Sand 0.491 0.188 0.970 0.179
% S i l t  and Clay 0.356 -0.135 0.984 0.049
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The so rting  c o e f f ic ien t  was a lso  important on discrim inant function II 
(SDFC = 0.569) as were the  percentages of very coarse (SDFC = -0.640) 
and f ine  (SDFC = 0.698) sand.
An a l te rn a t iv e  method of iden tify ing  those values of g rea te s t  
importance in d iscrim inating  between groups i s  the  to ta l  s t ru c tu re  
c o e f f ic ie n ts  (TSC) (Klecka, 1980). These c o e f f ic ie n ts  (Table 4) are  
calcu la ted  as the Pearson product-moment c o r re la t io n s  between the 
va riab les  and the discrim inant scores on each func tion . They can be 
represented g raph ica lly , following the  procedure of Johnson (1977), as 
vectors in tw o-factor d iscrim inant space (Figure 8 ) . Using th is  
procedure discrim inant function I i s  la rg e ly  rep resen ta t iv e  of the 
percentages of s i l t  and clay and very f in e  sand (TSC = 0.984 and 0.970 
re sp ec t iv e ly ) .  The function c lea r ly  d iscr im ina tes  between the f in e r  
sediments of groups 1 and 2B and the coarser sediments in the 
remainder of the  study area. Discriminant function I I ,  with about 
one-th ird  the d iscrim inating  power of the f i r s t  func tion , i s  more 
d i f f i c u l t  to  in te rp re t .  Several of the  va riab les  have high to ta l  
s t ru c tu re  c o e f f ic ien ts  on th i s  function although the percentages of 
f ine  sand and coarse sand are the  most highly co rre la ted  (TSC = 0.832 
and -0.822 re sp ec tiv e ly ) .  The function generally  serves to  
d i f f e r e n t i a t e  groups 2A and 3, the  coarsest-g ra ined  s ta t io n  groups in 
the study area .
Ordination
Detrended correspondence analysis  was performed in which the 
groups defined by numerical c la s s i f i c a t io n  were p lo tted  in ord ination
E.
Figure 8. Centroids ( ind ica ted  by a s te r i s k s )  and l im its  of 
s ta t io n  groups in tw o-factor d iscrim inant space. 
Vectors a re  determined from the to ta l  s t ru c tu re  
c o e f f ic ie n ts  and in d ica te  the r e la t iv e  o r ien ta t io n  
of the environmental va r iab les .  SRT=sediment 
so r t in g  c o e f f ic e n t ,  SHL=percentage of shell and 
g rave l,  VCS=percentage of very coarse sand, CS= 
percentage coarse sand, MS=percentage medium sand, 
FS=percentage f in e  sand, VFS=percentage very f ine  
sand, SLT=percentage s i l t  and clay .
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space (Figure 9 ) . Only the f i r s t  (eigenvalue 0.642) and the second 
(eigenvalue 0.364) axes are presen ted . N either the  th ir d  or fourth  
axes (eigenvalues 0.279 and 0.217, re sp ec tiv e ly ) are  considered 
fu r th e r  in the  a n a ly s is .
The groups defined by numerical c la s s if ic a t io n  genera lly  showed 
c le a r  sp a tia l separa tion  in the  o rd in a tio n , la rg e ly  on axis 1. The 
very f in e  sand s ta tio n s  of H atteras:South  (Group 1) showed a high 
degree o f faunal s im ila r i ty  forming a t ig h t ly  spaced group scoring low 
on axis 1. The coarser sands of H atteras:N orth  (Group 3) formed a 
d iffu se  grouping sca tte re d  over much of ax is 2. The segregation  of 
Group 2C in the numerical c la s s i f ic a t io n  was not re f le c te d  in the 
o rd in a tio n , with the  p o sitio n s  of s ta tio n s  in  th a t  group overlapping 
those of Groups 2A, 3 and 4.
Though the  o rd ina tion  axes are not n ecessa rily  a re f le c tio n  of 
any sp ec if ic  environmental param eter, the  axes can frequen tly  be 
co rre la ted  with one or more physical v a ria b le s . Spearman rank 
c o rre la tio n  c o e f f ic ie n ts  (S ieg e l, 1956) were ca lcu la ted  between the  
s ta t io n  scores on the f i r s t  two o rd ina tion  axes and the same sediment 
va riab les  used in the  d iscrim inan t an a ly s is  (Table 5 ). Axis 1 was 
most highly c o rre la ted  with the percentage of s i l t  and clay and 
secondarily  with the  percentage o f very fin e  sand. Sorting and the  
percentage of medium and fin e  sands had sm aller but s t a t i s t i c a l l y  
s ig n if ic a n t r$ values. Axis 2 showed th e  g re a te s t c o rre la tio n  with 
the  percentage of fin e  sand. Sorting and the percentages of very
51:
Figure 9 Location o f s ta tio n  groups in  o rd ina tion  space. 
Length of axes are scaled  in proportion  to  the 
eigenvalues.
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Table 5. Spearman rank c o rre la tio n  c o e ff ic ie n ts  between sediment 
parameters and sample scores on the f i r s t  two OCA axes. 
(* = «*< 0 .05 , ** = <*< 0.01)
V ariable Axis I Axis II
Sorting -0.428** 0.633**
% Shell and Gravel 0.221 0.326*
% V e r y  Coarse Sand 0.008 0.506**
% Coarse Sand -0.080 0.483**
% Medium Sand 0.362** 0.130
% Fine Sand 0.541** -0.755**
% V e r y  Fine Sand -0.678** 0.070
% S i l t  and Clay -0.775** 0.211
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coarse sand and shell and gravel showed p rog ressively  le s s e r  but 
s t a t i s t i c a l l y  s ig n if ic a n t c o rre la tio n s .
DISCUSSION
Evaluation o f m u ltiv a r ia te  techniques
I t  is  o ften  the goal of eco lo g is ts  to  re la te  some measure of 
species im portance, usually  abundance, to  one or more environmental 
v a r ia b le s . While conceptually  s tra ig h tfo rw ard , th is  goal frequen tly  
becomes d i f f i c u l t  to  a t ta in  when applied to  rea l d a ta . Even simple 
c o rre la tio n  between species abundance and the  value fo r some 
environmental v a riab le  req u ires  assumptions to  be made which are  often  
too r e s t r i c t iv e .  Assumptions of l in e a r i ty  and monotonicity between 
species abundance and an environmental fa c to r  o ften  can not be met 
unless the measured range of the  environmental fa c to r  encompasses only 
a small portion  of i t s  to ta l  range throughout the  species h a b ita t .  In 
the presence of a strong environmental g ra d ie n t, most species 
d is tr ib u tio n  curves become bell-shaped  (A ustin , 1976) and simple 
lin e a r  c o rre la tio n s  are  not longer a p p lic ab le .
Ordination techniques have frequen tly  been applied not only to
show separa tion  of the e n t i t i t e s  in o rd ina tion  space but to  id en tify
those environmental fa c to rs  responsib le  fo r  th is  separa tion  (Nichols
1970; Biernbaum 1979; Wenner and Boesch 1979). This is  accomplished
by c o rre la tin g  the scores on one o r more o rd ination  axes with the
measured environmental fa c to rs .  The major problem with th is  procedure
is  th a t  most in d ire c t o rd ina tion  techniques assume a l in e a r
re la tio n sh ip  between the axes and species abundances (Noy-Meir and
W hittaker, 1977). With even a moderate degree of environmental
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v a ria tio n  among th e  samples (beta d iv e r s i ty ) ,  species d is tr ib u tio n  
curves a re  c u rv ilin e a r  and nonmonotonic, and any o rd ina tions based on 
assumptions of l in e a r i ty  can produce m isleading re s u l ts  (Gauch and 
W hittaker, 1972; Gauch e t a l . ,  1977). O rdination techniques 
unconstrained by l in e a r i ty  (ca ten a tio n s , Noy-Me1r, 1974) are  av a ilab le  
but a ll  have serious drawbacks (Noy-Meir and W hittaker, 1977).
DCA is  a l in e a r  o rd ina tion  technique, and th e re fo re  constrained 
by the  same th e o re tic a l lim ita tio n s  Inherent in  th ese  techn iques, yet 
i t  does make co rrec tio n s  fo r the  e f fe c ts  of c u rv ll in e a r i ty .  Tests 
with sim ulated coenoclines have shown DCA Induces l i t t l e  of d is to r t io n  
even with high b e ta -d iv e rs ity  (H111 and Gauch, 1980). Most notably, 
the  d is to r t io n  created  by the  quadra tic  dependency of the second axis 
on the  f i r s t  in recip rocal averaging ("horseshoe" or "arch" e f fe c t)  
has been e lim ina ted . In te rp re ta tio n  of the  second axis in  terms of an 
environmental fa c to r ,  which often  has not been possib le  (Wenner and 
Boesch, 1979), becomes more fe a s ib le .  DCA was used in  the  present 
study to  id e n tify  sedimentary fa c to rs  responsib le  fo r community 
d iffe ren ces  by c o rre la tio n  of s ta t io n  o rd ination  scores with measured 
grain  s ize  param eters. The ecological c re d ib i l i ty  of the re su lts  
obtained in  th is  study , and the general agreement of these re su lts  
with those of d iscrim inant a n a ly s is , supports the v a lid ity  of th is  
approach.
M ultiple d iscrim inan t an aly sis  (Rao, 1952; Cooley and Lohnes, 
1962) has been ex tensively  used in o ther f ie ld s  such as the  socia l 
sc ien ces , but has received only lim ited  a tte n tio n  in ecological
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in v e s tig a tio n s . In marine s tu d ies  d iscrim inan t analy sis  has been used 
to  Id e n tify  mechanisms of resource p a r tit io n in g  among benthlc 
polychaetes (F lin t and R abalais, 1980) and amphlpods (Schaffner and 
Boesch, 1982) and to  re la te  s ta t io n  groups to  physical v a riab les  
(Shin, 1982; Vecchione and Grant, 1983). The second approach is  used 
h e re in , in  an attem pt to  Id en tify  environmental fa c to rs  (or unmeasured 
c o rre la te s )  responsib le  fo r  faunal d iffe ren ces  among s ta t io n s . The 
approach u t i l iz e d  (Green and V ascotto, 1978) involves i n i t i a l  
segregation  of s ta tio n s  in to  faunally-homogeneous groups by use of 
numerical c la s s i f ic a t io n . M ultiple d iscrim inant analysis  is  then 
employed to  id e n tify  those environmental v a riab le s  on which the 
b io tic a lly -d e riv e d  s ta t io n  groups show the  g re a te s t sep a ra tio n .
Standardized discrim inant function  c o e ff ic ie n ts  are usually  
considered measures of each v a r ia b le 's  importance 1n d iscrim ina ting  
among groups. Use of th is  approach in the  presen t study led to  the 
conclusion th a t  the  sediment so rtin g  c o e ff ic ie n t was considerably more 
im portant than any o ther v a riab le  in d iscrim ina ting  between groups. 
However th is  does not seem in tu i t iv e ly  co rrec t and i t  is  l ik e ly  th a t 
th is  find ing  re s u lts  from the  high in te rc o rre la tio n  among the  o ther 
v a ria b le s . Grain s ize  percentages of adjacent phi s ize  in te rv a ls  
(e .g . coarse sand and very coarse sand) may be highly c o rre la te d , thus 
the  d iscrim in a tin g  inform ation they ca rry  may be s im ila r . Their 
s tandard ized  discrim inant function  c o e ff ic ie n ts  may be small even 
though th e i r  jo in t  co n trib u tio n  is  very im portant. Sim ilar 
d i f f ic u l t i e s  a r is e  with g ra in  s ize  percentages th a t  are widely 
separated  on the  phi s iz e  spectrum (e .g . coarse sand and very f in e
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sand) fo r  these are  l ik e ly  to  have a high Inverse c o r re la t io n . The 
so rtin g  c o e f f ic ie n t had a high standard ized  d iscrim inan t function  
c o e f f ic ie n t probably because 1t was the only v a riab le  used which was 
not l ik e ly  to  be in h eren tly  c o rre la ted  with any o th er v a ria b le .
Total s tru c tu re  c o e ff ic ie n ts  have been used su ccessfu lly  (Dueser 
and Shugart, 1978; 1979; F lin t  and R abala is , 1980) as a lte rn a t iv e  
measures of a v a r ia b le 's  im portance. They may be more accurate than 
standardized d iscrim inan t function  c o e f f ic ie n ts  in  cases o f high 
v a riab le  c o lin e a r ity  (Johnson, 1977; Klecka, 1980). They are 
ca lcu la ted  only as c o rre la tio n s  between independent v a riab les  and the  
d iscrim inan t scores and are th e re fo re  unaffected by c o rre la tio n s  among 
the  v a ria b le s . Total s tru c tu re  c o e f f ic ie n ts  can a lso  be used to  
p resent the variab les  as vectors in a tw o-function d iscrim inan t p lo t 
(Overall and K le t t ,  1972; Johnson, 1977).
In te rp re ta tio n  of the  d iscrim inant functions in terms o f to ta l 
s tru c tu re  c o e ff ic ie n ts  leads to  the  more c re d ib le  conclusion th a t  the  
percentages of s i l t  and clay and very f in e  sand are the most important 
sedimentary v a riab les  in  d iscrim ina ting  between groups. Many of the  
coarser sand grades are of importance in the second d iscrim inant 
fu n c tio n . The so rtin g  c o e ff ic ie n t i s  only of moderate importance in 
both of the f i r s t  two d iscrim inan t fu n c tio n s .
S ign ificance  of sediment parameters
Benthic communities and th e i r  member organisms are  d is tr ib u te d  in 
a continuum along an environmental g rad ien t (M ills , 1969).
Nonetheless i t  remains common p ra c tice  to  recognize d is c re te  faunal
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assemblages with the re a liz a tio n  th a t  th e i r  ju n c tu res  are o ften  not as 
d is c re te  as might be Im plied. Assemblages o f benthlc species have 
often  been designated on the basis  of su b s tra te  a sso c ia tio n  (Franz, 
1976 and numerous o th e rs ) and the  same appears po ssib le  on th e  North 
Carolina con tinen tal sh e lf . Recognizable assemblages Include: 1) a
muddy, very f in e  sand assemblage (Group 1) dominated by Lumbrineris 
im patiens, 2) a f in e  to  medium sand assemblage (Group 2) dominated by 
Polygordius s p . ,  3) a w e ll-so rte d , f in e  sand assemblage (Group 4) 
dominated by Pro tohaustorius c f .  deichmannae. and 4) a medium to  
coarse sand assemblage (Group 3) ch arac te rized  by Hemlpodus roseus and 
Hesionura e lo n q ata .
A goal of th is  study 1s to  id e n tify  the grain  s ize  parameters 
most responsib le  fo r  community p a tte rn s . The faunal assemblages 
recognized have been designated by reference  to  the  median grain  s ize  
of the  sediments in which they are found, however, median grain  s ize  
per se is  probably not the fa c to r  to  which the organisms are 
responding. Median grain  s ize  alone is  not responsive to  d iffe ren ces  
in the grain size  d is tr ib u tio n  which could have profound b io logical 
consequences y e t be unexpressed by any measure o f cen tra l tendency. 
E ffo rts  to  determine what physical p ro p ertie s  are of g rea te s t 
importance in s tru c tu rin g  communities have frequen tly  been f ru s tra te d  
by a high c o rre la tio n  among the environmental v a ria b le s . Community 
changes have o ften  been re la te d  to  depth (N ichols, 1970; L ie, 1978; 
F lin t and R abala is , 1980), but in shallow marine environments 
sedimentary o r o ther physical v a riab les  which vary with depth are more 
l ik e ly  to  be the co n tro llin g  fa c to rs  ra th e r than depth i t s e l f .
In most benth ic  s tu d ies  the  degree of sediment so rtin g  has been 
of minimal use in  in te rp re tin g  community d iffe ren c es , however th e re  
are  some notable excep tions. Nichols (1970) found s im ila r i ty  among 
polychaete assemblages to  be best co rre la ted  with so rtin g , although he 
suggested th a t so rtin g  was only a m anifestation  of the c lay  content. 
Gray (1974) argued th a t  so rtin g , as a measure of s tru c tu ra l 
com plexity, may be a determ inant of species d iv e rs ity . G reater 
species d iv e rs ity  should be found on those sediments w ithin are more 
poorly so rted , since a wider v a rie ty  of p a r t ic le  types would be 
av a ilab le  fo r  u t i l iz a t io n  by the  benthos. A s im ila r  argument has been 
advanced re la tin g  deposit-feed ing  species d iv e rs ity  to  food p a r tic le  
and to ta l  p a r t ic le  d iv e rs ity  (W hitlatch, 1981). In th e  Cape H atteras 
area no re la tio n sh ip  was found between so rtin g  and number of species 
(Spearman rank co rre la tion ,® *  > .05) but i t  should be noted th a t 
number of species is  not n ecessa rily  c o rre la ted  w ith species d iv e rs ity  
which contains an evenness component as w ell.
In the  present study the  degree of p a r t ic le  so rtin g  was of 
g re a te s t importance in  d if f e r e n tia t in g  Group 4 s ta tio n s  from the  
remainder of the  s ta t io n  groups. Although the  median p a r t ic le  s izes 
o f Group 4 sediments were s im ila r  to  those o f Group 2, th e  Group 4 
sediments were b e tte r  so rted  and ch arac te rized  by dram atically  
d if fe re n t fauna. The importance of p a r t ic le  so rtin g  was probably due 
to  i t s  c o rre la tio n  with sediment m o b ility , a property more d i f f ic u l t  
to  q u an tify . The w ell-so rted  sands o f Group 4 are in d ic a tiv e  of a 
dynamic hydraulic regime with a high degree of sediment m obility . 
Tubiculous and non-fossoria l burrowers would be rap id ly  washed out of
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sediment in such an environment. Only fo s so r ia l sp ec ie s , such as the  
h a u s to r iid  and phoxocephalid amphipods, a re  ab le to  burrow rap id ly  
enough in o rder to  m aintain purchase.
The percentage of gravel has been id e n tif ie d  as an im portant 
fa c to r  in  d if f e r e n t ia t in g  between benthic assemblages and, in  some 
in s ta n ce s , has been found to  be the  most im portant environmental 
fa c to r  in  determ ining the  d is tr ib u tio n  of sp ec ie s , feeding types and 
l i f e  s ty le s  of benthic amphipods (Blernbaum, 1979). The percentage of 
sh ell and gravel was of no d e tec tab le  b io log ica l s ig n ifican ce  in  the 
Cape H atteras area but th i s  find ing  is  believed to  be a re s u lt  of the  
small range of shell and gravel content encountered (up to  23% but 
genera lly  le s s  than 1%).
The percentage of f in e  sand was found to  be th e  most important 
v a riab le  on the  second axis of the  o rd ination  and the second 
d iscrim inan t fu n c tio n . D ifferences in the  f in e  sand component were 
most im portant in  d is tin g u ish in g  the  i n t e r s t i t i a l  burrowers o f Group 
3. The importance of f in e  sand has been noted fo r  both c e r ta in  
amphipod species (Schaffner and Boesch, 1982) and the  whole 
macrobenthic community (Boesch and Bowen, in  p re p .; Boesch, in  p rep .) 
in  the  Middle A tlan tic  B ight, though i t  should be noted th a t in  these  
s tu d ie s  f in e  sand was considered to  be the aggregate of both the  fin e  
and very f in e  sand s ize  c lasses  used here. Boesch (1n prep .) 
speculated  th a t the  exclusion of i n t e r s t i t i a l  species with increasing  
proportions of f in e  sand is  due to  the  occulusion of the  i n t e r s t i t i a l  
spaces. The fa c t  th a t  many species of Group 3 s ta t io n s  were
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i n t e r s t i t i a l  burrowers 1s probably re f le c t iv e  of the  low proportion of 
f in e  sand p a r t ic le s  in  s ta t io n s  in  th is  group.
The sediment v a riab les  found most useful fo r  in te rp re tin g  faunal 
d is tr ib u tio n s  were found to  be the  percentages of very f in e  sand and 
s i l t  and c lay . Both scored highly in  the  d iscrim inan t an laysis  and 
o rd in a tio n . The percentage of s i l t  and clay  appeared s l ig h t ly  more 
im portant in  both analyses but because both percentages were highly 
c o rre la ted  i t  i s  d i f f i c u l t  to  determine th e i r  independent 
c o n trib u tio n s .
The importance of the very f in e  sand and s i l t / c l a y  components i s ,  
in  p a r t ,  a re f le c tio n  of th e i r  ro le  in  determ ining sediment 
perm eab ility . Sediment perm eability  is  diminished as the  proportion 
of f in e r  p a r t ic le s  in  the  sediment in c reases (Webb, 1958). Dissolved 
oxygen is  unable to  penetra te  as deeply in sediments contain ing  a high 
proportion of f in e  p a r t ic le s ,  and thus deep-burrowing species are 
r e s tr ic te d  to  those which can maintain con tact with the  sedim ent-water 
in te r fa c e  (e .g . by elongate siphons or burrow ir r ig a t io n )  or have 
physio logical adaptations to  anaerobic cond itions.
A second reason th a t  f in e r  p a r t ic le s  were found to  be so 
im portant in s tru c tu r in g  benth ic communities is  th e i r  c ru c ia l ro le  in 
determ ining the  type and abundance of food resources. Sanders (1958) 
found the  d is tr ib u tio n  of many deposit-feed ing  macrobenthos to  be 
c o rre la ted  with the  percentage of s i l t  and c lay . He speculated th a t  
the  amount of clay  was the  more important v a riab le  since  clay 
p a r t ic le s  have the  g re a te s t surface:volum e r a t io ,  allowing adherence
of re la t iv e ly  more organic m atter. The g re a te r  su rface  area a lso  
provides more attachment s i te s  fo r  microorganisms which serve as a 
food resource fo r  d ep o sit-feed e rs . Levinton (1977) suggested th a t  the 
s iz e  of b a c te r ia l populations, which in  tu rn  determines the  abundance 
of d e p o sit-fe ed e rs , i s  lim ited  by the  space av a ilab le  fo r  attachm ent.
The proportion of c lay  or s i l t / c l a y  has been found to  be the most 
b io lo g ic a lly  im portant sediment parameter in  several s tu d ie s  (Sanders, 
1958; Nichols 1970; Ki^rboe, 1979). Although these  s tud ies found 
percentages of s i l t  and clay  ranging as high as 50 to  90%, i t  appears 
th a t  s i l t  and c lay  is  of equal b io log ica l s ig n ifican ce  in  the  
considerably  lower concen tra tions found on th e  North Carolina s h e lf . 
Even modest changes in  s i l t  and clay  content in  the  range observed of 
0 to  27% can have profound b io log ica l consequences.
Both dynamic and s ta t i c  p ro p ertie s  of sediments are of importance 
in  s tru c tu r in g  benthic communities on the  North Carolina con tinen tal 
s h e lf .  Dynamic p ro p e rtie s , as re f le c te d  1n the degree of p a r t ic le  
s o r tin g , are of importance in  determ ining the  dominance of fo sso r la l 
sp ec ie s . The importance of s ta t i c  p ro p e rtie s  of sediment are best 
re f le c te d  in  the  proportion of c le^ s , s i l t s  and f in e r  grades of sand. 
The primary mechanisms by which the  f in e r  p a r t ic le s  s tru c tu re  the 
community are twofold: 1) th e i r  e f fe c t  on sediment perm eab ility , and
2) th e i r  in fluence  on th e  type and a v a i la b i l i ty  of food resources.
The abundance of coarser p a r t ic le s  may be im portant fo r  s e le c t 
sp ec ie s , but on a community le v e l ,  coarser p a r t ic le s  are only of 
importance i f  they become large enough to  permit the  establishm ent of 
a h a rd -su b stra te  community.
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M l
Appendix I. Macrofaunal species collected and average density (indiv./to?) in each
station grotp. Station gnxps arranged in order of increasing median grain 
size (decreasing phi) in order to illustrate substrate affinity for each 
species.
Total
Individuals
Collected 1 2B 4 2C 2A 3
CNIDARIA
Anthozoa
Renillidae
Renilla reniformis
PLAmELMINTHES
Tirbellaria
Discocelidae
Coronadena mutabilis
RHYNCHOCOELA
Nemertea sp. A 
Nemertea sp. B 
Nemertea sp. D
Anopla
Lineidae
Cerebratulus lacteus 
Micrura leidyi 
Zygetpolla rufens
Enopla
Anphiporidae
Anphiporus bioculatus
ANNELIDA
Polychaeta
Polynoidae
Hanrothoe extenuata 
Harmotfoe sp. A 
Sigalionidae
Eipanthalis kinbergi 
Grubeulepis sp. A 
Sthenelais boa 
Sthenelais linricola 
Kigalion arenlcola
29a
1
20
8
8
10
1
1
9
2
10
1
10
6
1
6
2
3
3
1
1
2
1
2
3 1 2  1
3 6
4 1
3 
1
2 1
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Appendix I .  continued
Total
Individuals
Collected 1 2B 4 2C 2A 3
Chrysopetalidae 
Bhawania goodei 
Paleanotus heteroseta 
Anphinomidae 
Chloeia viridis 
Pseudeurythoe paucibranchiata 
Phyllodocidae
Anaitides groenlandica 
Anaitides arenae 
Anaitides longipes 
Anaitides mucosa 
Anaitides cf. panamensis 
Anaitides sp. B 
GenetylTTs castanea 
Eteone lactea 
Eunida sanfuinea 
Eulalia macroceros 
Paranaites speciosa 
Paranaites polynoides 
Hesionuri"ongata 
Hesionidae
Gyptis brevipalpa 
mcrcphthalmus sp. A 
Microphthalmus sp. B 
Microphthalmiis sp. C 
Podarke obscura 
Heteropodarke heteranorpha 
Pilargiidae
Siqantra tentaculata 
Siganbra bassi 
Pilargis" sp. A 
Cabira incerta 
Synelmis albini 
Syllidae
Brania wellfleetensis 
Pionosyllis gesae 
Syllis (Tvposyllis) arnica 
Syllis (Ehlersia) comuta 
Exogone lourei 
Exogone verugera 
Odontosyl1 is fulgurans
4 1 2 1
15 1 17
10 1 2 7 1
3 1 1
1 1
10 4 2
10 3 3
1 1
1 1
3 4
2 1 1
1 2
26 9 5
1 1
3 1 2
1 1
10 7I
3 2 1 1
1 1
2 1
2 1
2 1 •
4 4 1
50 18 7
2 3
2 1
1 2
1 2
3 1 1 1
4 2 2
2 1 1
1 1
1 1
1 1
3 4
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Appendix I .  continued
Total
Individuals
Collected 1 28 4 2C 2A
Streptosyllis arenae 5
Parapionosyllis sp. A 1
Eurysyllis tiEeinculata 2
Nereididae
Ceratonereis irritab ilis  5
Ceratonereis longicirrata 12
Nereis acumnata 3
Nereis qrayi 2
Nereis succinea 11
Nereis riisei 15
Platynereis dunerilii 14
Ceratocephale oculata 299
Nqihtyidae
Nephtys pieta 157
Aglaophantis verrilli 337
Inermonyhtys inermis 3
Sphaerodoridae
Sphaerodoropsis sp. A 2
Glyosridae
Glycera americana 8
Glycera dibranchiata 13
Glycera oxycephala 44
Hemipodus roseus 8
Goniadidae
Goniada littorea 207
Goniada teres 8
Onuphidae
Oniphis eremita 11
Mooreoniphis pallidula 14
Mooreontphi? nebulosa- 46
Diopatra ciprea 25
Diopatra tridentata 1
Eunicidae
Etnice vittata 9
Eunice websteri 1
Lintrineridae
Lutfcrineris la tre illi 1
Lurbrineris tenuis 3
Lintrineris' inpatiens 6282
Linbrineris' cruzensis 6
Lurbrineris coccinea 4
1 2 1 1
1
1 1
1 3
17
1
1
4 1
2 2 10 1
5 1
112 20 6 6 1
12 22 27 30 50 11
126 35
1 3
1 1
3 1
2 10 4
1 6 44 6
6
60 22 8 24 10
3 2
1 3 9 1
4 7
12 3 20
9 3
2
1 2 4 1
1
1
1
2504 23 2 6 1
1 2 1
1 2 1
Appendix I .  continued
Total
Individuals
Collected 1 2B 4 2C 2A 3
Lurbrineris cf. januarii 5
Lurbrinerides dayi 2
Arabellidae
Drilonereis longa 1
Dorvilleidai
Dorvillea sp. A 14
Protodorvillea gaspeensis 1
ProtodorvilTia kefersteini 6
Schistomeringos caeca 2
Orbiniidae
Leitoscoloplos foliosus 4
Naineris sp. A 2
Scoloplos acmeceps 39
Scoloplos rubra 1
Paraonidae
Aricidea suecica 30
Aricidea wassi 53
Aricidea catherinae 123
Aricidea sinplex 1
Aricidea cerrutii 2
Aricidea fragilis 4
Aricidea sp. A 33
Levinsenia gracilis 6
Paraonis fulgens 5
Paraonis pygoeniqnatica 5
Cimyhorus americanus 6
Paradoneis lyra 3
Spionidae
Polydora social is 6
Polydora websteri 1
Polydora concharun 3
Laornce cirrata 3
Prionospio cirrifera 21
Prionospio pyqnaea 47
Prionospio cirrobranchiata 2
Prionospio cristata 646
Prionospio dayi 12
Prionospio fallax 2
Spio c f. setosa 4
Spio pettiboneae 48
Spio piqnentata 19
2
3
1
6
l
7 1
1 1
1 2 1
1
14 5 1 2
1
12
38 18
48 3 1
1
4
1 3
11 7 1
2 2
1 7
4
2 1
1
3 6
1
2 3
1
5 1
16 3
4
224 84 4 49 1
4 2 1
1
1 2 2
6 7 5 7 10
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Appendix I .  continued
Total
Individuals
Collected 1 2B 4 2C 2A 3
Spiophanes bortoyx 89 26 22 2 7 1
Spiophanes wiqleyi 3 1
Spiophanes missionensis 33 12 2 1
Nblacoceros indicus 5 2
Paraprionospio pinnata 1085 416 57 1 12 6
Dispio uncinata 9 3 2 1 1
Scolelepis texana 12 4 3
Scolelepis squamata 2 1
Scolelepis sp. B 2 3
Aonides paucibranchiata 3 4
Magelonidae
Maqelona cf. rosea 20 2 12 3 4
Maqelona cf. pettiboneae 52 10 5 1 2 37 1
Maqelona cf. phyllisae 231 87 13 1 2 6
Poecilochaetidae
Poecilochaetus johnsoni 84 28 15 1 4
Chaetopteridae
Spiochaetopterus oculatus 25 7 7 2 3
Cirratulidae
Caulleriella sp. A 15 6 7 1
Caulleriella sp. B 3 1 1
Caulleriella sp. C 11 4 16
Tharyx annulosus 3 3 1
Chaetozone c f. setosa 38 12 8 2 1
Chaetozone sp. B 6 2 3
Cossuridae
Cossura lonqocirrata 16 4
Ctenodrilidae
Ctenodrilidae sp. A 21 5
Flabelligeridae
Pherusa sp. B 2 3
Opheliidae
Armandia maculata 69 18 8 4 2 9 4
Armandia aqilis 11 3 2 2
Ophelia denticulata 5 1 6 1
Travisia forbesii 1 1
Polyophthalmus pictus 1 1
Capitellidae
Notomastus latericeus 277 107 27 2 4
Notcmastus americanus 7 3
Mediomastus califomiensis 646 224 17 1 7
Appendix I .  continued
Amastiqos caperatus 
Maldanidae
Asychis carolinae 
Macroclynsne zonal is 
Owenidae
Owenia fusiformis 
Myriochele cf. oculata 
Sabellaridae
Sabellaria vulgaris 
Anphictenidae 
Cistena gouldii 
Cistena regalis 
Arrpharetidae
Anpharete cf. acutifrons 
Anpharete americana 
Anphicteis ginnerT" 
Terebellidae 
Pista cristate 
Polycirrus eximius 
Polycurus carofinensis 
Loiima medusa 
Trichobranchidae
Trichobranchus glacial is 
Sabellidae 
Chone sp. A 
Fuchohe incolor 
Megalomna bioculatun 
Potarnilla renlformis 
Serpulidae
Hydroides protulicola 
Pomatoceros americanus 
Polygordi idae 
Polygordius sp.
Oligochaeta
Tubificidae
TUbifocoides maureri 
Tubificoides dukei 
Tubificoides sp. A 
Tibificoides sp. B 
Liimodriloides monothecus 
Bathydrilus longus
Total
Individuals
Collected 1 2B 4 2C 2A 3
1 1
3 1 1
5 1 1
190 67 20 2 10
20 8 1
2 1 9 86 5
1 1
2 1
12 2 1 1 6
2 1
3 1
646 224 83 4 49
4 6
1 1
1 1
2 3
1 1
3 1 4
11 4 3
1 1
3 1
2 1
221 23 52 11 102 96
7 1 7 1
21 4 5 1 7
6 4
2 1 2
1 1
1 1
57
Appendix I .  continued
Total
Individuals
Collected 1 28 4 2C 2A 3
MXLUSCA
Gastropoda
Phasianellidae
Tricolia sp. 2 1
Rissoidae
Alvania pelaqica 2 1 1
Vitrinellidae
Vitrinella sp. 2 1 7
Caecidae
Caecun pulchellun 153 58 3 2 7
Caecun cooperi 7 1 7
Caecun carol ini anun 6 4
Caecun cibitatun 6 4
Melanellidae
Strcntjiformis auricinctus 1 1
Niso aeqlees 4 1 3
Crepidulidae
Cal^ptraea centralis 2 3
Crepidula fomicata 2 1
Naticidae
Pol inices diplicatus 5 1
Sinun perspectivun 4 1 2
Siqatica carolinensis 2 1 1
Muricidae
Eipleura caudata 1 1
Murex leviculus 1 1
Col urfaellidae
Astyris lunata 7. 4
Anachis cf. pretrii 3 1
Nassaridae
Nassarius albus 1 1
Olividae
Olivella sp. 3 1 1
Oliva sayana 1 1
Turridae
Kurtziella rubella 1 1
Kurtziella limonitella 2 1
Terebridae
Terebra dislocata 2 1
Terebra concava 4 1 1 3
Pyramidellidae
Odostomia sp. 52 19 3
Appendix I .  continued
Total
Individuals
Collected 1 2B 4 2C 2A 3
Acteonidae
Acteon pinctostriatus 
Acteocinidae
51 18 3 4
Acteocina candei 
Cylichnidae
9 4
Cylichnella bidentata 
Philinidae
26 9 1
Phi line sagra 
Bullidae
5 1 3
Bulla striata 
Haminoeidae
2 1
Haminoea solitaria 1 1
Atys sandersoni 
Retusidae
Volvulella persinrilis
1
8
1
Volvulella recta 
Pleurobranchidae
1 1
Pleurobranchaea hedgpethi 
Bivalvia 
Nuculidae
2 1 1
Nucula proxima 
Nuculanidae
7 1 9
Nuculana acuta 
Solariyacidae
60 23 3
Solemya velun 
Aricidae
3 1 1
Anadara transversa 
^ i l id a e
3 1
Crenella divaricata 2 3
Musculus lateralis 6 1
Modiolus modiolus squamosus 
Pinnidae
3 1 1
Atrina seminuda 
Pectinidae
2 1
Cyclopecten nanus 3 4
Aequipecten mucosus 1 1
Placopecten maqellanicus 2 1 1
Argopecten gibbus 
Anomiidae
1 1
Anemia sinplex 
Limidae
1 1
Lima pellucida 1 1
Appendix I .  continued
Total
Individuals
Collected 1 2B 4 2C 2A 3
Lucinidae
Parvilucina multilineata 111 42 3 1 2
Lucina nassula 2 1
Lucina pectinata 3 1 2
Divaricella quadrisulcata 4 1 1
Codakia costata 1 1
Thyasiridae
Thyasira trisinuata 14 3 3
Ungulidae
Diplodonta pmctata 4 1 1
Leptonidae
Pythinella cuneata 1 2
Cardiidae
Laevicardium pictun 1 1
Mactridae
Spisula solidissima similis 751 11 2 48 2 696
Solenidae
Ensis directus 1 1
Tellinidae
Macoma tenta 1 1
Tellina versicolor 313 88 48 4 8 71
Tellina aequistriata 3 1
Tellina nitens 2 1
Strigilla cf. mirabilis 9 1 2 1 6
Semelidae
Semele bellastriata 1 1
Semele nuculoides 16 9
Abra aequalis 163 60 17
Veneridae
Mercenaria mercenaria 2 1
Chione cancellata 4 6
Chione qrus 1 1
Chione la tilira ta 1 1
Crassinella linulata 10 1 11
Cooperellidae
Cooperella atlantica 
Chamidae
1 1
Arcinella comuta 1 1
Corbulidae
Corbula barrattiana 310 81 175 1 2
Corbula swiftiana 20 7 3 1
Varicorbula operculata 566 188 2 134
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Appendix I .  continued
Total
Individuals
Collected 1 28 4 2C 2A 3
Pandoridae
Pandora bushiana 
Pandora arenosa 
Lyansiidae
Uyonsia hyalina 
Cuspidariidae
Cardiomya costellata 
Scaphopoda 
Dentaliidae
Dentaliun calamus 
Siphodentaliidae 
Cadulus carolinensis 
Cadulus tetraschistus 
Cephalopoda 
Sepiolidae 
Rossia tenera 
Loligo pealeii
ARTHROPODA 
Py:nogonida 
Phoxichiliidae
Anoplodactylus petiolatus 
Ostracoda 
Asteropidae
Antoleberis americana 
Parasterope cf. hulinqsi 
SarsielIidae 
Sarsiella texana 
Sarsiella spinosa 
Sarsiella ozotothrix 
Sarsiella disparilis 
Sarsiella tubipora 
Halocyprididae
Euconchoecia chierchiae 
Philomedidai
Harhansus paucichelatus 
Pseudophilomedes sp. A 
Cytheridae
Pterygocythereis americana
14 4 6 1
1 1
187 65 33 1
1 1
1 1
17 5 6
5 6 1
1 1
5 1 2 2
3 1 1
6 2 1
6 2 1 2
1 1
5 2
3 1
2 1 1
1 1
11 3 2 1 1
14 2 2 9
2 3
5 1 2
Appendix I .  continued
Total
Individuals
Collected 1 2B 4 2C 2A 3
tyysidacea
Mysidae
Bownaniella portoricensis 
Anchialina typica 
Cumacea 
Diastylidae
Oxyurostylis smithi 
Bodotriidae
Cvclaspis varians 
Isopoda 
Anthuridae
Qyathura burbanki 
Apanthura magnificat 
Xenanthura breyiteTson 
Ptilanthura tricarina 
Sphaeromatidae 
Ancinus depressus 
Serolidae 
Serqlis mgrayi 
Idoteidae”
Edotea triloba 
Anphipoda 
Anpeliscidae
Anpelisca verrilli 
Anpelisca agassizi 
Anpelisca cristoides 
Anphilochidae 
Gitanopsis sp. A 
Aoridae
Lgrbos smithi 
Lgrbos websteri 
Microdeutopus rnyersi 
Miorodeutopus sp. A 
Acuninodeutopus naglei 
Pseudunciola obliquua 
Rildardanus laminosa 
Unciola irrorata 
Argissidae
Argissa hamatipes
7 1 1 2
1 1
8 1 2 2 3
30 5 7 1 2
1 1
5 1 3 1
149 57 12
1 1
1 1
1 1
3 1 1 1
77 31
5 6 1
6 9
1 1
2 1
8 1 1 7
3 1
1 1
5 1 3
1 1
1 1
1 1
6 1 1 3
Appendix I .  continued
Total
Individuals
Collected 1 2B 4 2C 2A 3
Bateidae
Batea catharinensis 
Corophndae
Cerapus tubularis 
Corophiun acutun 
Erichthonius brasiliensis 
Siphonoecetes smithianus 
Gammaridae
Elasropus sp. A 
Melita appendiculata 
Jerbarnia amencana 
Haustoriidae
Acanthohaustorius intermedius 
Acanthohaustorius nrillsi 
Bathyporeia parkerT 
Protonaustorius cf. deidmarma
Haustoriidae 
(nr. Platyischnopus) sp. A 
Isaeidae
Photis puyiator 
Gamreropsis Sutherland!' 
Liljeborgiidae 
Listriella bamardi 
Oedicerotidae
Synchelidiim atnericanun 
Phoxocephalidae
Rhepoxynius epistanus 
Metharpinia floridanus 
Stenothoidae
Parametopella cypris 
Parametopella inquilinus 
Synopudae 
Tiron tropakis 
CaprelIidae
Caprella equilibra 
Luconacia incerta 
Decapodef 
Penaeidae
Trachypenaeus constrictus 
Sicyonia typica 
Solenocera atlantidis
1 1
3 4
1 2
19 2 20 1
2 1 1
12 2 10
1 1
3 4
6 1 8
4 2 2
128 2 64 6 3 1
3088 1 3 1610 74 6
12 6 1
20 4 7 10
1 1
9 3 3
114 34 7 6 19 1
378 1 12 179 46 7 2
59 1 15 2 6 17
1 1
2 1
12 1 11
1 1
5 2
1 1
1 1
7 4 2
Appendix I .  continued
Total
Individuals
Collected 1 2B 4 2C 2A 3
Sergestidae 
Lucifer faxoni 27 4 5 1 2 3 2
Lucifer typus 
Pasiphaeidae
Leptochela serratorbita 
Leptochela bermudensis
1
1
6
1
1 2 2
1
1
Palaemonidae
Periclimenes americanus 
Alpheidae
Automate evermanni 
Ogyrididae
Ogyrides alphaerostris 
Processidae
Processa henphilli 
Crangonidae
Crangon septemspinosa 
Paguridae
Pagurus annulipes 
Galatneidae 
Munida irrasa 
Porcellanidae
Euceramus praelongus 
Albuneidae 
Albunea panetii 
Albunea qibbesii 
Dramiidae
Drcmidia antillensis 
Calappidae
Hepatus epheliticus 
Leucosiidaie
Persephone mediterranea 
Raninidae
Raninoides laevis 
Majidae
Conodes trispinosus 
Batrachonotus fragosus 
Portunidae
Ovalipes stephensoni 
Goneplacidae
Frevillea hirsuta
1
3
2
8
1
1
1
2
2
5
2 1
Appendix I .  continued
Total
Individuals
Collected 1 2B 4 2C 2A 3
Pinnotheridae 
Pimixa retinens 
Pinnixa sayana 
Stomatopoda 
SquilIidae
Odontodactylus brevirostris
SIPUNCULA
ECHIURA
Sipunculus nudus 
Golfingia trichocephala 
Golfingia elongate 
Phascolion strorrfci 
Aspidosiphon albus 
Aspidosiphon qosnoldi
Thalassema philostracun
BRACHIOPODA
Glottidea pyramidata
ECHINOGERMATA
Asteroidea
Astropectinidae
Astropecten diplicatus 
Ophiuroidea 
Anphiuridae
Micropholis atra 
Anphiodia trychna 
Echinoidea 
Schizasteridae 
Moira atropos
CEPHALOCHORDATA
Branchiostoma caribaeun
Total nuriber of species
3 1
1 1
1 1
1 1
231 90 5 1 1
1 1
3 1
18 3 8 9
15 1 3 17
1 2
27 8 2 2 7 1
1 1
1 1
3 3 1
8 3
21 1 1 16 5
368 275 92 72 49 172 80
Chapter 2
THE EFFECT OF AN OCEANIC FRONT ON 
THE MACROBENTHOS OF THE NORTH CAROLINA 
CONTINENTAL SHELF
D. P. Weston
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ABSTRACT
A sharp fro n t between Gulf Stream and V irg in ia  Shelf Water masses 
was observed on the North Carolina con tinen tal sh e lf  no rtheast of Cape
H atte ras . This fro n t was ch arac te rized  by a tem perature g rad ien t as
g rea t as 12°C and a s a l in i ty  g rad ien t of about 5°/oo. These changes 
occurred over a la t i tu d in a l  d is tan ce  of 27 km during the  study period
but had e a r l ie r  been observed to  occur w ithin 1 km. The fro n t was
found to  undergo freq u en t, rapid  and unpredictab le movements across 
the  sh e lf , sub jec ting  the benthos to  tem perature changes as g rea t as 
8°C over a 3 hr period . The fro n t was highly e f fe c t iv e  as a 
zoogeographic b a r r ie r  with many warm-water and cold-w ater macrobenthic 
species reaching the  lim it o f t h e i r  d is tr ib u tio n s  a t  the  f ro n t. In 
add ition  warm-water species were r e s tr ic te d  to  the area south of Cape 
H atteras by seasonal m igrations of the  fro n t which permit cold 
V irginia Shelf Water to  reach the  Cape. The ro le  of the  fro n t as an 
ecotone was evaluated , and though th e re  was an increased number of
species in the  area of the f ro n t, th e re  was no evidence of a higher
macrofaunal density  o r the  presence of ecotonal sp ec ie s . The lack of 
a strong ecotonal response in the  benthos is  a t tr ib u te d  to  th e i r
immobility and the  sp a tia l in s ta b i l i ty  of the  f ro n t.
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INTRODUCTION
S c ie n tif ic  in v es tig a tio n s  o f oceanic fro n ts  have focused almost 
ex c lu siv e ly  on the water column and i t s  b io ta . The d is tr ib u tio n  of 
n u tr ie n ts ,  phytoplankton, zooplankton and nekton assoc iated  with 
fro n ts  have a ll  received much a tte n tio n  (Savidge, 1976; Fournier e t  
a l . ,  1977; Iverson e t  a l . ,  1979; M ills , 1980). Information on the  
benthic communities in the  v ic in ity  of fro n ts  is  sca rce . This lack of 
a tte n tio n  to  the  benthos of fro n ts  1s, in p a r t ,  a re s u l t  of the  fa c t 
th a t  fro n ts  are water column phenomena, and th e re fo re  i n i t i a l  in te re s t  
has concentrated on the  pelagic component o f th e  b io ta . In tensive 
benthic sampling has a lso  been complicated by the  fa c t th a t  fro n ts  
ty p ic a lly  occur in deep water (200 m or more).
With the discovery of a shallow -w ater (ca . 30 m) fro n t on the 
North C arolina con tinen tal s h e lf ,  in ten s iv e  sampling of the  benthic 
community associated  with a major oceanic fro n t became fe a s ib le .
During the spring of 1975 in v e s tig a to rs  from the  U niversity  of 
Wisconsin noted the presence of a Gulf Stream -V irginia Shelf Water 
fro n t located  35 km northeast of Cape H a tte ras . Bottom water 
tem peratures across the fro n t changed up to  12°C over le ss  than 1 km 
(J . Magnuson, Univ. of W isconsin, unpub. d a ta ) . Coincident with the  
thermal g rad ien t was a change in s a l in i ty  o f 4-5°/oo over the same 
d is ta n ce . The fro n t was dynamic and found to  m igrate across the  sh e lf  
a t speeds of up to  6 cm/sec.
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Because of the  dynamic nature of the  f ro n t ,  the  benthic community 
in  the  area is  exposed to  freq u en t, rap id  and unpred ictab le  
f lu c tu a tio n s  in tem perature and s a l in i ty  as the  area is  a l te rn a te ly  
exposed to  Gulf Stream water and V irginia Shelf Water masses. In the  
r e la t iv e ly  s ta b le  environment of the con tinen tal sh e lf , the fro n t 
rep resen ts  a unique h a b ita t ,  ch arac te rized  by physical inconstancy of 
tem perature and s a l in i ty .  The physical environment might th e re fo re  be 
expected to  impart a unique s tru c tu re  to  th e  macrobenthic community of 
the f ro n t, d is tin g u ish in g  i t  from the b io tic  assemblages of the 
hydrographically  s tab le  areas to  the  north and south. I t  i s  an 
o b jec tive  of th is  study to  evaluate the ro le  o f the  fro n t in 
determining species d is t r ib u t io n s ,  community s tru c tu re  and temporal 
v a r ia b i l i ty  of the macrobenthic populations.
In v es tig a tio n  of the  fro n ta l area i s  of even g re a te r  s ig n ifican ce  
because of the biogeographic importance of the Cape H atteras reg ion . 
Since the  work of Dana (1853), the  North Carolina area in  g en era l, and 
Cape H atteras in p a r t ic u la r ,  has been often recognized as a 
zoogeographic b a r r ie r  to  a d iv e rse  array  of faunal groups (B riggs, 
1974; Cerame-Vivas and Gray, 1966). The fro n t is  a junctu re  between 
the warm Gulf Stream water and the  cooler V irg in ia  Shelf Water, so i t  
is  reasonable to  expect th a t  i t  may a lso  serve as a t r a n s i t io n  zone 
between the  benthic fauna assoc ia ted  with these  two w ater masses.
This study is  designed to  assess the e ffec tiv en ess  of the fro n t as a 
zoogeographic b a r r ie r ,  and to  id e n tify  th e  physical fa c to r(s )  
responsib le  fo r de lim iting  species d is tr ib u tio n s .
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METHODS
Sampling s ta tio n s  were e s tab lish ed  along a north-south  tra n se c t 
(75°13.0'W) extending from 35°23.5‘N to  35°51.5'N (Figure 1 ), and were 
designated by minutes north of la t i tu d e  35°00.5'N (e .g . s ta t io n  36 
located  a t 35°36.5'N ). S ta tio n s  were spaced two nautical miles apart 
a t each end of the t r a n s e c t ,  and one nau tical mile ap art in  the  middle 
of the tra n s e c t .  Water depth varied from 33-42 m among the s ta t io n s . 
The e n tire  tra n se c t was sampled in June 1977 and a few se le c t s ta tio n s  
occupied in August and October 1977 and January 1978. Only the more 
comprehensive June data are included in these  analyses unless 
otherwise sp ec if ie d .
Macrofauna were co llec ted  using a 0.1 m^  Smith-Mclntyre grab with 
th ree  re p lic a te  samples taken a t  each s i t e .  Most organisms were 
separated from the sediment by e lu t r ia t io n  through a 0.5 mm mesh 
screen . The m aterial remaining a f te r  e lu tr ia t io n  was washed through a 
1.0 mm mesh screen . All animals in both the 0 .5  and 1.0 mm frac tio n s  
were preserved in fo rm alin , sorted  to  major taxa and id e n tif ie d .
Sediment samples co llec ted  from each grab were dried  a t 100°C and 
100 g a liq u o ts  of each sample were obtained by use o f a sediment 
c u t te r .  The m aterial was sieved through a s e r ie s  of Standard Sieves 
with s iltis  and clays combined as pan w eight.
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Figure 1 The location  o f sampling s ta t io n s  on the North 
C arolina con tinen ta l s h e lf .  S ta tio n s  are designated 
by minutes north of la t i tu d e  35°00.5'N.
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Water tem perature and s a l in i ty  were measured a t each s ta t io n  
using a shallow -w ater mechanical bathythermograph (BT) and Beckman 
salinom eter. Measurements taken p e rio d ic a lly  with a reversing  
thermometer and Hytech salinom eter were used to  co rrec t the  BT and 
Beckman salinom eter meter read ings. On some c ru ises  a continuous 
record of bottom tem perature was obtained by use of a waterproof 
thermograph (Ryan Model J )  positioned  0 .5  rn above the  bottom a t 
35°35.5'N , 75°13.0'W.
Several m u ltiv a ria te  techniques were employed in  an aly sis  of the 
b io lo g ica l and geological d a ta . In order to  d e lim it zones of faunal 
s im ila r i ty ,  c lu s te r  analysis  was performed in  which species occurring 
in  two o r le ss  samples were d e le ted . Algorithms included 
log-transform ation  of species abundances, the  B ray-C urtis s im ila r i ty  
measure (Bray and C u rtis , 1957), and f le x ib le  so rtin g  with 
e s tab lish ed  a t -0 .25 (C liffo rd  and Stephenson, 1975). M ultiple 
d iscrim inan t an a ly s is  (Nie e t a l . ,  1975) was used to  evaluate  the  
s ig n ific an ce  of the group separa tion  derived by c lu s te r  a n a ly s is , and 
to  in te rp re t  th is  separa tion  in  l ig h t of a v a rie ty  of physical 
v a r ia b le s . Sediment percentages used in th e  an aly sis  were transform ed 
by a r c s i n / p  to  induce norm ality .
RESULTS
Sediments
The sediments 1n the  study area were f a i r ly  w e ll-so rted  fin e  
sands with a median grain  s iz e  ranging form 1.12-2.97 0 (Table 1 ).
The percentages of s i l t  and clay were generally  small (< 7%), with a 
tendency fo r those s ta t io n s  in the  southern portion  o f the  fro n t to  
have a s l ig h t ly  g re a te r  proportion of s i l t  and clay than those in  the 
north . L i t t le  change in sediment parameters was noted in seasonal 
sam pling, in d ica tin g  minimal temporal and sm all-sca le  sp a tia l 
v a r ia tio n .
Temperature and s a l in i ty
An abrupt fro n t between two d is t in c t ly  d if fe re n t water masses was 
observed during a ll  four c ru is e s . Though re fe rred  to  herein as a Gulf 
S tream -V irginia Shelf Water f ro n t ,  s a l in i ty  measurements (Table 2) 
in d ica te  th a t some d ilu tio n  o f Gulf Stream w ater had occurred.
S a lin ity  of Gulf Stream w ater is  g re a te r  than 36°/oo (Stefansson and 
Atkinson, 1967) while s a l in i ty  of bottom w ater on the  southern edge of 
the  fro n t was genera lly  35 .2 -35 .8°/oo . Presumably some mixing of Gulf 
Stream w ater with sh e lf  water from th e  South A tlan tic  Bight had 
occurred.
The magnitude of the thermal change across the fro n t and the 
sharpness of the g rad ien t varied seasonally  (Figure 2 ) . The g re a te s t
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Table 1. Grain size percentages and selected sediment parameters for all 
stations sanpled.
Median Percent Percent
Grain Sorting Shell and Percent Silt and
Station Size(0)________ (0)________ Gravel________ Sand________ Clay
June 1977
51 2.24 0.55 0.02 99.54 0.44
49 2.40 0.65 0.18 98.95 0.87
47 2.39 0.64 0.06 99.CH 0.94
45 1.12 1.17 4.67 95.85 0.68
43 1.13 1.05 9.15 96.27 0.68
42 1.89 1.79 8.15 89.51 2.34
41 2.16 0.99 0.87 96.12 3.GL
40 2.02 1.35 3.74 92.45 4.14
39 2.42 1.20 1.71 95.24 3.05
38 1.60 0.85 1.10 98.23 0.67
37 1.66 0.76 0.65 97.54 1.81
36 1.53 0.70 0.43 98.61 1.30
35 1.93 0.59 0.10 99.33 0.56
34 2.51 0.77 0.09 96.85 3.06
33 2.57 0.74 0.06 96.37 4.59
31 2.73 0.75 0.04 93.45 6.51
29 2.80 0.81 0.11 96.17 3.66
27 2.96 0.60 0.04 95.60 4.35
25 2.97 0.61 0.09 95.19 4.72
23 2.94 0.50
August 1977
0.03 96.52 3.66
49 2.40 0.95 1.69 97.44 0.87
39 2.05 0.94 1.02 95.82 3.16
35 1.67 0.58 0.30 99.03 0.67
31 2.80 0.66 
October 1977
0.06 93.64 6.30
49 2.45 0.58 0.14 98.87 0.99
39 2.08 1.58 5.95 91.72 2.32
35 2.16 0.79 0.99 98.29 0.71
34 2.51 0.90 0.62 95.95 3.43
23 2.90 0.50 
January 1978
0.03 97.05 2.92
49 2.40 0.97 1.81 96.39 1.80
39 2.10 0.63 0.40 99.39 0.21
35 2.13 0.76 0.83 96.61 0.56
31 2.59 0.56 0.09 97.55 2.36
23 2.96 0.48 0.03 96.03 3.94
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Figure 2. Isotherms observed during each of the four sampling 
periods in a lo n g -sh e lf tra n se c ts  across the  fro n ta l 
a rea . Solid  tr ia n g le s  denote the p o sitio n  of each 
bathythermograph c a s t.
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tem perature d iffe ren ces  across the fro n t were observed in June and 
August. During those months bottom tem peratures on the  warm side of 
th e  fro n t were 24-26°C while tem peratures on the  cold side  were about 
14°C. In August th i s  tem perature g rad ien t was observed over a 
north-south  d is tan ce  of 27 km, in d ica tin g  an average tem perature 
change of 0.4°C/km. However, s ince the sampling tra n se c t was not 
n ecessa rily  perpendicular to  the fro n t the tem perature g rad ien t was 
probably sharper than th a t  observed. In October seasonal overturning 
of the V irginia Shelf Water increased bottom w ater tem peratures on the 
cold side of the  fro n t to  18°C. In January the  fro n t was poorly 
defined on the basis  of tem perature a lone, but s a l in i ty  measurements 
c le a r ly  showed the  in fluence  of both V irginia Shelf Water and th e  Gulf 
Stream.
The dynamic nature o f the  fro n t is  ind ica ted  by the range and 
standard dev iation  o f physical observations made successively  in 
several la t i tu d in a l  s t r a ta  (Table 2 ). During June and August most of 
the  movements o f the  fro n t ( in d ica ted  by a high standard d ev ia tion ) 
were confined to  the area extending from 35°28'N to  35°40'N. In 
October the fro n t sh if te d  southward and occupied the  southern portion  
of the study area (35°20' - 35°36'N) fo r  much of the  sampling period . 
On some occasions during October th e  fro n t was observed to  move out of 
the  study a re a , perm itting  in tru s io n  of V irg in ia Shelf Water as fa r  
south as Cape H atteras (35°08'N ).
An apprecia tion  fo r the  actual thermal conditions to  which 
benthic organisms in the  fro n t were exposed can be best obtained from
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a continuous tem perature record . In August (F igure 3a) bottom 
tem peratures continuously flu c tu a te d  over a range of 11°C. The ra te  
o f thermal change was found to  be as g rea t as 8°C w ithin a 3 h r . 
period (2200 h r s . ,  August 10 -  0100 h r s . ,  August 11). In October 
(Figure 3b) fro n ta l movements were much le ss  e r r a t ic  than in August, 
and bottom tem peratures remained constan t over r e la t iv e ly  long periods 
of tim e. During much of the October monitoring period the  fro n t was 
located  away from th e  instrum ent s i t e  and th e  area was under the  
in fluence  of V irginia Shelf Water. Only fo r  two b r ie f  periods did the  
fro n t move northward, perm itting  th e  in tru s io n  of warmer Gulf Stream 
water over the monitoring s i t e .
Biota
During the  four sampling periods a to ta l  of 372 species and 
21,177 ind iv idua ls  were obtained. S ix ty-n ine  percent of these  taxa 
and seventy percent of the to ta l  ind iv idua ls  were co llec ted  during the 
June sampling period alone. Not only were a g re a te r  number o f samples 
taken a t th a t  tim e, but recen t heavy recruitm ent by several species 
a lso  con tribu ted  to  the  la rg e  numbers. The to ta l  macrofaunal density  
a t each s ta tio n  sampled during the  June c ru ise  was highly v a riab le  and 
showed no c o n sis ten t trend  across the  study area (Figure 4 ) . The 
number of species co llec ted  was g re a te s t in the cen tra l portion  of the 
study a rea , with the  exception of the  anomalously low number of 
species a t s ta t io n  36. Continued declines in  the number of species 
was evident south of s ta t io n  31 and north o f s ta t io n  42.
Figure 3. Continuous record o f bottom w ater tem perature as 
measured by a s ta tio n a ry  c h a rt recorder anchored
0 .5  m above the  bottom a t  35°35.5'N , 75°13.0'W:
(a) tem perature during 8-14 August 1977;
(b) tem perature during 23-29 October 1977.
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Figure 4. Selected community param eters a t  each s ta tio n  in 
the June 1977 sampling tra n se c t:  (a) density  of 
to ta l  macrofauna; (b) to ta l  number o f species 
co llec ted  in th ree  re p lic a te  grab samples.
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Zoogeography:
The ro le  of the  fro n t as a zoogeographic b a r r ie r  was in v estig a ted  
by examining the  zoogeographic a f f in i t i e s  of the  fauna throughout the 
study area . Using data  only from th e  June c ru ise , a l l  species 
c o lle c te d  were categorized  in to  one of four d is tr ib u tio n  types based 
on records from the  s c ie n t i f ic  l i t e r a tu r e :
1. Southern -  d is tr ib u te d  only to  the  south o f North C arolina,
2. Northern - d is tr ib u te d  only to  the  north of North C aro lina ,
3. Widespread -  d is tr ib u te d  both to  the  north and south of
North C arolina,
4. Other - a l l  e a s t coast records from North Carolina only .
The proportion of species 1n each d is tr ib u tio n  type was ca lcu la ted  fo r  
each s ta t io n  (Figure 5).
The m ajority  of species in  th e  sampling area were in  the  
widespread category , with d is tr ib u tio n s  generally  extending a t le a s t  
from F lorida  to  M assachusetts. The percentage of widespread species 
remained f a i r ly  constan t throughout the study area (ca. 65%), and 
showed no co n sis ten t trend  with la t i tu d e  (Spearman rank c o rre la tio n  
( r s ) = 0 .14 , ©<> 0 .0 5 ). There was evidence of a t r a n s i t io n  across the  
fro n t from species of warm-water a f f i n i t i e s  a t southern s ta t io n s , to  
species of cold-w ater a f f in i t i e s  a t  the northern s ta t io n s . The 
percentage of southern species ranged from 11.9 to  28.6% and showed a 
s ig n if ic a n t  decrease with in creasing  la t i tu d e  ( rs = -0 .5 4 , e< < 0 .0 1 ).
Figure 5 Percentage of species in each o f four d is t r ib u t io n a l  
ca tegories  a t  a l l  s ta t io n s  along the June 1977 
sampling t ra n se c t .
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Northern species comprised a progressively  sm aller proportion of the  
to ta l  fauna with decreasing l a t i tu d e  ( rs = 0.65,®* < .01).
A number of species showed abrupt decreases in density  a t the  
f ro n t  and often  a term ination of t h e i r  d is t r ib u t io n .  Harmothoe 
extenuata. Lumbrineris f r a g i l i s .  Polycirrus eximius and Cerastoderma 
pinnulatum were a l l  abundant in  the  northern portion of the  study 
a rea , but were absent from the  southern portion which was frequently  
inundated by warmer water (Figure 6). In the  case of P. eximius, th i s  
.observation may be co inc iden ta l ,  since the  species i s  known to  range 
as f a r  south as the  Gulf of Mexico. However, the  fro n t  does appear to  
represent a t ru e  d is t r ib u t io n a l  U m iit  fo r  L. f r a g i l i s  and C. 
pinnulatum. No indiv iduals  of e i th e r  species were found a t  m id-shelf 
depths to  the  south of the  fro n t  desp ite  extensive sampling o ff  Cape 
H atteras and Cape Lookout (Weston, unpub. d a ta ) .  Day e t a l . ,  (1971) 
reported L. f r a g i l i s  o f f  Cape Lookout a t  depths of 80-200 m.
Apparently th i s  species is  able to  extend i t s  range southward beyond 
the  fron t but only by submergence.
Abrupt decreases in  density  of southern species a t the  fro n t  were 
even more common than were such decreases fo r  northern spec ies .  Some 
notable examples of species abundant only to  the  south of the fron t 
include Spisula so lid issim a s im i l i s ,  G lo ttidea  p.yramidata, Aglaophamus 
v e r r i11i and Cylichnella  b iden ta ta  (Figure 6). G. pyramidata and C. 
b iden ta ta  range only as f a r  north as North Carolina, and those 
ind iv idua ls  found a t the  southern edge of the  f ron t represent the 
northernmost records fo r  the  spec ies . A. v e r r iH i  is  a lso  prim arily  a
Figure 6. Changes in density  (no. indiv ./m 2) across the study area 
in June 1977 fo r  se lec ted  macrobenthic species . Note 
use of log sca le  fo r  d e n s i t ie s  of Harmothoe extenuata 
and Spisula so lid issim a s i m i l i s . Shaded area represen ts  
zone of most frequent f ron ta l  occurence.
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warm-water species but the re  are sporadic records as f a r  north as 
V irg in ia . The dramatic decrease in abundance of S. so lid issim a 
s im il is  a t  the  f ro n t  and a t  a l l  s ta t io n s  to  the  north 1s more l ik e ly  a 
r e s u l t  of sediment o r  fa c to rs  o th e r  than temperature, since the 
species is  d is t r ib u te d  as f a r  north as Massachusetts.
Many species were found exclusive ly  or were co llec ted  1n 
d isp roportiona te  numbers on only one side of the  f r o n t ,  but few 
species showed a high f i d e l i t y  to  the  f ron t I t s e l f .  The polychaete 
Glycera oxycephala, was the  only species which demonstrated f i d e l i t y  
to  s ta t io n s  with the  g rea te s t  physical v a r ia b i l i ty  though a t low 
d e n s i t ie s  (Figure 7). Since th i s  species i s  common across the North 
Carolina continental sh e lf  (Day e t  a l . ,  1971; Weston, Chap. 1, th i s  
d is s e r ta t io n )  i t s  occurrence in only a r e s t r i c te d  region of the 
sampling t ra n se c t  i s  probably unrelated to  the physical v a r ia b i l i ty  of 
the  region.
Relative  importance of physical va r iab les :
While the  thermal change across the  f ron t is  perhaps the most 
dramatic, changes in s a l i n i ty  or su b s tra te  may also be p a r t i a l ly  
responsible  fo r  faunal d if fe ren c es .  Id e n t i f ic a t io n  of the  physical 
fa c to rs  responsible  fo r  b io t ic  pa tte rn s  of d is t r ib u t io n  was attempted 
through the  use of discrim inant an a ly s is ,  following the procedure of 
Green and Vascotto (1978). S ta tions  were f i r s t  segregated in to  groups 
using numerical c l a s s i f i c a t io n ,  and the physical va r iab les  which best 
accounted fo r  group separation were id e n t i f ie d  using m ultiple  
discrim inant a n a ly s is .  Only the  June data were included in these
2
Figure 7. Changes in density  (no. indiv./m  ) across the study
area in June 1977 fo r  the polychaete Glycera oxycephala. 
Shaded area represents  zone o f  most frequent fron ta l  
occurence.
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analyses in order to  e lim inate seasonal v a r ia t io n  in the  physical 
v a r iab les .  Four s ta t io n  groups were id e n t i f ie d  by numerical 
c la s s i f i c a t io n  (Figure 8 ) .  Group 1 included the 4 southernmost 
s ta t io n s  of the t r a n s e c t ,  an area predominantly under the  influence of 
Gulf Stream water. Group 2 s ta t io n s  were located in the cen ter of the 
t r a n s e c t ,  in the  area most frequently  occupied by the  f ro n t .  Group 3 
s ta t io n s  occupied a broad area in the cen tra l portion of the t ra n s e c t ,  
overlapping Group 2 s ta t io n s  but extending fa r th e r  both to  the  north 
and south. Group 4 was comprised of the  5 northernmost s ta t io n s .
Discriminant analysis  was performed using the  sediment variab les  
l i s t e d  in Table 1 and hydrographic variab les  1n Table 2. The 
variab les  used (Table 3) included median grain s iz e ,  percentage of 
shell and g rave l,  percentage of sand, percentage of s i l t  and clay , 
sediment so rting  c o e f f ic ie n t  (standard deviation  of p a r t ic le  s izes 
about the mean), mean tem perature, thermal v a r ia b i l i ty  (standard 
deviation of repeated temperature observa tions) ,  mean s a l in i ty  and 
s a l i n i ty  v a r i a b i l i ty .  The importance of each variab le  on each 
discrim inant function was determined by use of to ta l  s tru c tu re  
c o e f f ic ien ts  (Klecka, 1980). These c o e f f ic ien ts  were ca lcu la ted  as 
the  Pearson product-moment co rre la t io n  between the  discrim inant 
function scores and the measured environmental v a r iab le .  When some of 
the variab les  may be co rre la ted  use of to ta l  s t ru c tu re  c o e f f ic ie n ts  is  
p referab le  to  the more often seen standardized discrim inant function 
c o e f f ic ien ts  (Klecka, 1980).
Figure 8 Numerical c l a s s i f i c a t io n  of a l l  s ta t io n s  sampled in 
June 1977. S ta tion  39 was sampled on th ree  separate 
occasions.
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The overall ch1-squared t e s t  of among-group d iffe rences  was 
highly s ig n if ic a n t  (x2 = 94.17, d . f .  = 27). Each of the  th ree  axes 
held a s ig n if ic a n t  portion of the  d iscrim inating  Information (Table 
4 ) .  The f i r s t  discrim inant function was la rg e ly  rep re sen ta t iv e  of 
d iffe rences  1n thermal v a r i a b i l i ty  between s ta t io n  groups. Thus, 
among-group faunal d iffe rences  are  best in te rp re ted  on the  basis  of 
the  frequency of exposure to  the  thermal f r o n t .  Sediment variab les  
(s o r t in g ,  percent sand) were only of moderate importance.
The highest to ta l  s t ru c tu re  c o e f f ic ie n ts  on discrim inant function 
II were those of mean temperature and mean s a l i n i t y  which were highly 
co rre la ted  to  one another 1n the study a rea . The second func tion , 
th e re fo re ,  represented a north-south grad ien t of faunal change. The 
southern s ta t io n s  of Group 1 scored highest on function II  and the 
northern s ta t io n s  Of Group 4 scored lowest (Figure 9 ) . The percentage 
of s i l t  and clay (and i t s  influence on the median grain s iz e )  were 
a lso  of Importance on th i s  func tion .
Discriminant function I I I ,  l ik e  function I ,  was la rg e ly  
r e f le c t iv e  of thermal v a r i a b i l i t y .  Several sediment parameters 
(median grain s iz e ,  percent sand, percent s i l t  and clay) were of 
s l ig h t ly  le ss  importance.
Temporal s t a b i l i t y :
Seasonal co lle c t io n s  were made a t  a few se lec ted  s ta t io n s  in 
order to  permit assessment of temporal v a r i a b i l i t y .  A high degree of 
seasonal turnover of the  numerically dominant species was evident 
(Table 5 ). Only the  arch iannelid  Pol.yqordius s p . ,  and the  polychaete
Table 4. Total structure coefficients for all variables on the three discriminant 
functions. Those variables considered most important on each function 
are underlined.
Discriminant Finction
I II III
Percentage of variance 67.90 24.82 7.29
Mean tenperature -0.13 0.90 0.31
Thermal variability -0.70 -0.22 0.56
Mean salinity -0.09 0.89 0.22
Salinity variability -0.46 -0.11 0.35
Median grain size 0.13 0.67 -0.44
Percentage of shell and gravel -0.08 -0.21 -0.13
Percentage of sand 0.43 -0.44 0.48
Percentage of s i l t  and clay -0.37 0.76 -0.48
Sediment sorting coefficient -0.48 -0.18 -0.21
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Figure 9. Centroids (indica ted  by a s te r i s k s )  and l im its  o f  
s ta t io n  groups in tw o-factor d iscrim inant space. 
Vectors in d ica te  the r e l a t iv e  o r ie n ta t io n  of the 
most important environmental variabdes.
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Nephtys pi e t a , were c o n s is te n t ly  among the dominant species during a l l  
four sampling periods. The oUgochaete Tub1f1co1des dukei was 
abundant throughout most of the  year but only a t  the  northernmost 
sampling s i t e .  More ty p ic a l ly ,  dominant species exhib ited  high 
abundances during one sampling period and were t o t a l l y  absent or 1n 
low d e n s i t ie s  during the  o ther periods. Examples of such species 
Include the molluscs Splsula so lid issim a s lm il is  and Abra aequalis  
which showed heavy larval recruitm ent 1n the  southern fro n t  area p r io r  
to  June. Further examples of such species Include Notomastus 
la te r ic e u s ,  Spiophanes bombyx and Ampharete amerlcana.
The r e la t iv e  temporal s t a b i l i t y  fo r  each of the  sampling s i t e s  
can be ca lcu la ted  by use of the  Peterson Index (Peterson, 1975) which 
uses the mean Bray-Curtls s im i la r i ty  between a l l  possib le  pa irs  of 
c o l le c t io n s  a t  a s i t e  as a measure of temporal s t a b i l i t y  of the 
community. Because of the  data gaps created by the  lack of samples 
from s ta t io n  23 in August and s ta t io n  31 1n October, th re e  a l te rn a t iv e  
procedures wre used in ca lcu la t in g  th i s  Index. One se t  of 
c a lcu la tio n s  was done using s ta t io n s  35, 39 and 49 over a l l  four 
sampling seasons. A second ca lcu la t io n  was performed using s ta t io n s  
23, 35, 39 and 49 but fo r  only th ree  seasons, excluding August. 
F in a lly ,  the index was ca lcu la ted  fo r  s ta t io n s  31, 35, 39 and 49 fo r  
th ree  seasons excluding October.
Regardless of which procedure was used in ca lcu la t in g  the index, 
the r e s u l t s  were nearly the  same (Figure 10). The community a t  the  
southernmost s i t e ,  s ta t io n  23, showed the g re a te s t  temporal s t a b i l i t y ,
Figure 10. Temporal s t a b i l i t y ,  as determined by the Peterson index,
fo r  f ive  sampling s i t e s .  (------ ) = s ta t io n s  35,39 and 49
fo r  a l l  sampling periods; (----- ) = s ta t io n s  23,25, 39
and 49 fo r  th ree  sampling periods excluding August;
(-------- ) = s ta t io n s  31,35,39 and 49 fo r  th ree  sampling
periods excluding October.
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followed c lose ly  by the  northernmost s i t e ,  s ta t io n  49. S tations 35 
and 39 in the  cen ter  of f ron ta l  area c o n s is ten tly  demonstrated the  
lowest temporal s t a b i l i t y .
DISCUSSION
The Gulf Stream-Virginia Shelf Water fro n t  examined is  part of a 
la rg e r  Gulf S tream-shelf water f ro n ta l  system extending from Florida 
to  North Carolina. Farther to  the  north as the  Gulf Stream turns 
eastward, slope water in trudes along the  western margin of the  Gulf 
Stream, preventing any in te ra c t io n  of sh e lf  water with the  main body 
of the  Gulf Stream. South of North Carolina the  Gulf Stream-shelf 
water f ro n t  is  ty p ic a l ly  located near the  sh e lf  break. However, 
because of the  narrowness of the  continental sh e lf  and the steepness 
of the  bottom topography o f f  Cape H atteras ,  t h i s  f ro n t  i s  found in 
shallower water and c lo se r  to  the  coast than a t any point north of 
Cape Canaveral. Meanders in the  Gulf Stream re s u l t  in movements of 
t h i s  f ron t which are frequent, rapid and variab le  in ex ten t.
During the  study period the  bottom water temperatures across the  
f ro n t  d if fe red  as much as 12°C within a 27 km d is tance . Additionally 
th e re  was a 5°C d iffe rence  in mean annual bottom temperatures over a 
la t i tu d in a l  d is tance  of only 60 km. Consequently the f ron t represents 
a formidable zoogeographic b a r r ie r  to  both northern and southern 
species a l ik e .  In the  study area, th e  f ron t is  responsible  fo r  many 
of the  numerous faunal range term inations generally  ascribed to  Cape 
H atteras .  Many of the  species co llec ted  demonstrated an abrupt 
decrease in  density  in  the  region most frequently  affec ted  by the  
f ro n t .  For some species the  fron ta l  zone represen ts  the  known 
terminus of t h e i r  d is t r ib u t io n  along the  eas t  coast of North America.
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The zoogeographic influence of the  fron t i s  even more s t r ik in g  i f  
one considers the  annual f ro n ta l  migrations which r e s t r i c t  many 
immobile warm-water stenothermal species to  the sh e lf  south of Cape 
H atteras .  In October 1977 the fro n t  was observed to  migrate out of 
the  study a re a ,  allowing cold Virginia Shelf Water to  reach Cape 
H atteras . The seasonal in t ru s t io n  of Virginia Shelf Water around the  
Cape and Into the  northern and western portions of Raleigh Bay is  
wel1-documented (Bumpus and P ie rce , 1955; Wells and Gray, 1960; Gray 
and Cerame-Vivas, 1963; Hunt e t  a l . ,  1977). As a r e s u l t  of movements 
of the  f r o n t ,  and the  in tru s ion  of cooler w aters, many warm-water 
species ( e .g .  Nereis r i i s e i , Calyptraea c e n t r a l i s , Tellina  
a e q u is t r i a ta )  common o ff  Cape Lookout do not range as f a r  north as th e  
study a rea , but instead  reach th e i r  d is t r ib u t io n a l  l im its  in Raleigh 
Bay or a t  Cape H atteras  (Weston, 1979; unpub. d a ta ) .
The m ajority  (ca . 65%) of the  species co llec ted  were widely 
d is t r ib u te d  and th e re fo re  presumably eurytoplc . Their d is t r ib u t io n s  
encompassed both the warm waters of the  South A tlan tic  Bight and the 
cooler waters of the  Middle A tlan tic  Bight. I t  would be expected th a t  
these  species would be the most prevalent in a physica lly  unstable 
area such as the  f ro n t .
The occurrence of southern species (ca . 20% of the to ta l  fauna) 
in the fron ta l  area i s  more in tr ig u in g .  These species a re  d is t r ib u te d  
throughout the South A tlan tic  Bight, and in most cases, the  Caribbean 
as w ell.  On the  basis  of t h e i r  d i s t r ib u t io n ,  1t  i s  presumed th a t  
t h e i r  to le rance  of cold water is  very lim ited .  In the fron ta l  zone
Indiv iduals  of these  southern species can be exposed to  da ily  
temperature changes as great as the  annual temperature changes 
encountered throughout the  remainder of t h e i r  d i s t r ib u t io n .
I t  i s  possib le  th a t  the  occurrence of southern species in the  
fro n ta l  area re s u l t s  from the  fa c t  th a t  the thermal requirements fo r  
successful reproduction are often  more s t r in g e n t  than fo r  survival 
alone. In the  fro n ta l  a rea , populations of southern species may be 
able to  survive the  rigo rs  of the  physical environment, but are unable 
to  reproduce success fu lly . These species may be maintained in  the  
fro n ta l  area only by continued recruitment from populations in warmer 
waters to  the  south.
The physical v a r ia b i l i ty  of the  fro n t  appeared to  exert some 
influence on the  macrobenthic community s t ru c tu re .  Temporally, faunal 
s t a b i l i t y  was minimized in the  zone of g re a te s t  physical v a r i a b i l i ty .  
S p a t ia l ly ,  the  boundaries of faunal assemblages were determined 
la rg e ly  on th e  basis  of frequency of exposure to  the  f ro n t .  Substrate  
d iffe rences  among the s ta t io n s  were of some b iological s ig n if ican ce , 
even in the  r e la t iv e ly  small range of sediment types encountered (0 to  
7%  s i l t  and c la y ) .  However, the  influence of su b s tra te  on faunal 
d i s t r ib u t io n  was overshadowed by the  importance of hydrographic 
f a c to r s ,  p a r t ic u la r ly  temperature. While s a l i n i t y  varied concurrently  
with temperature in  the  fron ta l  region, the  thermal v a r ia b i l i ty  
appeared more important in the  in te rp re ta t io n  of faunal d is t r ib u t io n  
p a t te rn s .  Based on in te rp re ta t io n  of the  d iscrim inant an a ly s is ,  i t  
appeared th a t  the  macrobenthos is  b e t te r  able to  cope with s a l i n i t y
changes 1n the range of 30 to  36°/oo than temperature v a r ia t io n  
between 13° and 24°C.
In l ig h t  of the  abrupt physical d iscon tinu ity  a t  the  f r o n t ,  i t  i s  
tempting to  view the  f ro n t  as an ecotone, a t r a n s i t io n a l  zone created 
by the  ju x tap o s i t io n  of two or more diverse  h a b i ta ts .  Ecotones are 
charac te rized  by sharp trunca tion  of species d is t r ib u t io n  curves, and 
o f te n ,  an increased number of sp ec ie s ,  an increased population density  
or biomass and unique species which are absent in the  adjoining 
h a b ita ts  (Odum, 1971). The f ish es  of the  fron ta l region have been 
c lea r ly  shown to  respond to  the  f ro n t  as an ecotone with increased 
species richness and density  in the region with the sharpest thermal 
gradient (Magnuson e t  a l . ,  1981). Ecotonal species were a lso  
observed, through these  ecotonal species were not seasonally  
p e r s i s te n t .  During c e r ta in  months species such as Micropogonias 
undulatus, Lei ostomus xanthurus and Cynosci on regal i s  were col 1ected 
in extremely high d e n s i t ie s  a t  the  f ro n t  but were absent in the  
ad jo in ing , therm ally  s tab le  areas to  the  north and south.
In c o n tra s t ,  the  benthos showed only s l ig h t  evidence of an 
ecotonal response to  the fron ta l  a rea . The number of species in the 
fron ta l  area was s l ig h t ly  e levated r e la t iv e  to  those s ta t io n s  outside 
the zone of g re a te s t  physical v a r i a b i l i t y .  However, the  to ta l  
macrofaunal density  showed no co n sis ten t pa tte rn  and th e re  was l i t t l e  
evidence of ecotonal species. The co n tra s t  in the response of the 
benthic community to  th a t  of the  f ish e s  i s  believed to  be a r e s u l t  of 
d i f f e r e n t ia l  m obility  (Herbst e t  a l . ,  1979). The f ish es  are  able to
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migrate with the  fron t as i t  moves across the s h e l f ,  remaining in a 
zone of preferred  temperature and s a l i n i ty .  In c o n tra s t ,  the  benthos 
i s  e s s e n t ia l ly  s e s s i l e  and th e re fo re  unable to  follow fron ta l  
movements. The high v a r i a b i l i ty  1n the  pos it ion  of the  fro n t  prevents 
the  development of an ecotonal benthic community. A fro n t  th a t  
a t t a in s  a high sp a t ia l  permanence, perhaps because of coastal 
morphology or bathymetric i r r e g u la r i t i e s  (Atkinson and T arg e tt ,  1983), 
may evoke a more profound ecotonal response 1n the  macrobenthic 
community than was observed fo r  the Carolinian f ro n t .
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CAROLINA CONTINENTAL SHELF MACROBENTHOS
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ABSTRACT
The benthic m acroinvertebrates of the  cen tra l continental sh e l f  
o f f  North Carolina were sampled 1n a broad zone extending from Cape 
Lookout to  85 km north of Cape H atteras . Most species were of 
warm-water a f f i n i t y  with d is t r ib u t io n s  extending southward in to  the 
Caribbean. For 37% of the  species co llec ted  the  North Carolina area 
represented the northward terminus of t h e i r  d is t r ib u t io n s .  In 
co n tra s t  only 4.5% of the  species co llec ted  were a t  t h e i r  southern 
l im i t  within the study a rea ,  with most northern species continuing 
t h e i r  d is t r ib u t io n  southward to  F lorida . The Polychaeta, Amphlpoda, 
Bivalvia and Gastropoda were contrasted  with regard to  biogeographlc 
a f f i n i t i e s ,  extent of geographic range, and a b i l i t y  to  t ra v e rse  the  
Cape Hatteras a rea . The polychaetes and amphipods genera lly  exhibited 
the  broadest geographic d is t r ib u t io n s  while the  b iva lves , and 
p a r t ic u la r ly  the  gastropods, were the most narrowly d is t r ib u te d .
These d iffe rences  in geographic d is t r ib u t io n  were not In te rp re ta b le  
so le ly  on the basis  of the re la t iv e  d ispersa l c a p a b i l i t i e s  among the 
four groups considered, but a lso  suggested a comparatively lower 
degree of eurytopy in the  molluscs. The present-day d is t r ib u t io n s  and 
biogeographic a f f i n i t i e s  of the  macrofauna were a lso  a function of the 
geologic h is to ry  of the  northwestern A tlan tic  and the evolutionary 
o rig in  of the  fauna.
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INTRODUCTION
Biogeographers have long attempted to  d iv ide the  marine 
environment along the continental margins Into d is c re te  faunal 
provinces. Unfortunately they have ra re ly  been able to  agree on how 
to  do so , with the re s u l t  th a t  the l i t e r a t u r e  contains a bewildering 
v a r ie ty  o f  a l te rn a t iv e  proposals and terminologies fo r  marine 
provinces and c lim atic  zones. For example, Hazel (1970) presented 
nine a l te rn a t iv e  c la s s i f i c a t io n s  proposed by various workers fo r  the  
biogeographic subdivision of the  A tlan tic  coast of North America. 
Even these  nine schemes are f a r  from a l l - in c lu s iv e .  There are  many 
o ther less  widely recognized proposals fo r  the de linea tion  of faunal 
provinces along the  North American A tlan tic  coas t .
Two primary reasons fo r th i s  d i f f i c u l ty  in e s tab lish in g  a 
commonly accepted biogeographic scheme are  apparent. Biogeographers 
working with shallow-water or in te r t id a l  fauna may not a r r iv e  a t  the 
same provincial boundaries as those working with fauna in deeper 
w aters. Barriers lim iting  the  d is t r ib u t io n  of species on the 
continental sh e lf  may not be equally  as e f fe c t iv e  in lim it ing  the 
d is t r ib u t io n  of in te r t id a l  species (Jackson, 1974). Biogeographic 
provinces s t r a t i f i e d  in re la t io n  to  depth have been proposed to  deal 
with th i s  problem (Bowen e t a l . ,  1979; Cerame-Vivas and Gray, 1966; 
Franz and M e r r i l l ,  1980a; Watling, 1979).
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The d ifferences  in biogeographic pa tte rns  between the  major 
faunal groups are  an additional confounding fa c to r  in  biogeography. 
Numerous biogeographic s tud ies  have been done on the  molluscan fauna 
(Coomans, 1962; Franz and M e rr i l l ,  1980a, 1980b; H a ll ,  1964; Johnson, 
1934) but a l l  faunal groups do not behave s im ila r ly .  Temperature is  
generally  regarded as the  s in g le  most important f a c to r  in  determining 
faunal d is t r ib u t io n s  (Gunter, 1957). However, i f  t h i s  were the  only 
fa c to r  involved, a l l  faunal groups would be expected to  have nearly 
id en tica l  biogeographic p a t te rn s ,  and th i s  is  c le a r ly  not the  case.
This study i s  designed to  con tra s t  the  biogeographic pa tte rns  of 
several major inacrofaunal groups 1n the  v ic in i ty  of Cape H atteras , 
North Carolina, an area widely recognized as a region of great 
biogeographic s ign if icance  (Briggs, 1974). Jackson (1974) and others 
have suggested th a t  species with a long pelagic larval l i f e  should 
generally  have broader geographic ranges than those without a pelagic 
l i f e  phase or one of only short dura tion . This study will examine the  
hypothesis th a t  macrofaunal groups with a high proportion of species 
having planktotrophic larvae (e .g . B ivalvia) should be b e t te r  able to  
t ra v e rse  Cape H atteras  and have broader geographic ranges than groups 
without p lanktotrophic la rvae  (e .g . Amphlpoda).
Biogeographic pa tte rns  a re  often  best understood by consideration 
of geologic h is to ry  and past opportun ities  fo r  faunal migrations 
(Franz and M e rr i l l ,  1980b). I t  is  a lso  the  objective  of th i s  study to  
review the  geologic h is to ry  of th e  North Carolina marine environment
K,   _.......... ............. .................................
109
throughout the T e r t ia ry  and Quaternary in an attempt to  understand the 
evolutionary o rig in  of the  present-day continental sh e l f  macrofauna.
METHODS
Ten sampling areas on the  North Carolina continental sh e lf  
(Figure 1) were located within a region extending 85 km to  the north 
and 69 km to  south of Cape Hatteras in a depth range of 23-54 m. The 
region between Cape H atteras and Oregon In le t  was occupied by a 
dynamic Gulf Stream-Virginian Shelf Water f ro n t .  This area was 
subdivided in to  f ive  s t r a ta  with each stratum designated by the 
minutes of la t i tu d e  between i t s  midpoint and la t i tu d e  35°00.5'N (e .g .
the fron ta l stratum extending from 35°23.5'N to  35°27.5'N was
designated F ro n t:25). Sampling areas were occupied in June, August 
and October 1977 and January 1978.
Macrofauna was co llec ted  using a 0.1 m2 Smith-Mclntyre grab.
Most organisms were separated from the sediment by e lu t r i a t io n  through 
a 0 .5 mm mesh screen. The material remaining a f t e r  e lu t r i a t io n  was 
washed through a 1.0 mm mesh screen. All animals in both the  0.5 and 
1.0 mm frac t io n s  were preserved in form alin , sorted to  major taxon and 
id e n t i f ie d  to  species. During the June sampling period nine samples 
were taken in  each fron ta l  stratum and e igh t samples taken in each of
the remaining areas. During the th ree  o ther sampling periods
combined, a to ta l  of 17 samples was taken in each area with the  
exception of the fron ta l  s t r a t a  where sampling in te n s i ty  was v a r ia b le .
Sediment samples co llec ted  from each b iological grab were dried 
a t  100°C and 100 g a liquo ts  of each sample were obtained by use of a
110
Figure 1. Location of the ten sampling areas on the North 
Carolina continental sh e lf .
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sediment c u t t e r .  The material was sieved through a se r ie s  of Standard 
Sieves with s i l t s  and clays combined as pan weight.
Water temperatures was measured a t  each s ta t io n  using a 
shallow-water mechanical bathythermograph (BT). Measurements taken 
p e r io d ic a l ly  with a reversing thermometer were used to  co rrec t  the BT 
reading.
RESULTS
Physical environment
In sp i te  of the r e la t iv e ly  narrow la t i tu d in a l  range encompassed 
in th i s  study, the re  were la rge  d ifferences  in the  thermal regimes 
among the sampling s i te s  (Table 1). The mean annual temperature in 
the  South area was 8°C g re a te r  than th a t  in th e  North area even though 
they are separated by a la t i tu d in a l  d is tance of only 154 km. Seasonal 
changes in the  bottom water temperature of the  South area c lose ly  
pa ra lle led  atmospheric thermal conditions with the warmest bottom 
water temperatures (26.0°C) observed 1n August and the  co ldest 
temperatures (17.3°C) observed in January. Bottom water of the North 
area was warmest in October (17.7°C). This i s  typ ica l of the  
s t r a t i f i e d  sh e lf  waters of the Middle A tlan tic  Bight, because of 
seasonal overturning of the  water column which occurs each f a l l .
The influence of both warm and cold bottom waters was evident in 
the  Front a reas ,  p a r t ic u la r ly  1n June and August. This region has 
been found to  be frequen tly  occupied by a sharp Gulf Stream-Virginian 
Shelf Water fro n t  (Herbst e t  a l . ,  1979; Magnuson e t  a l . ,  1981). The 
fron t has been found to  move across the sh e lf  exposing th i s  region to 
rapid changes in temperature and s a l i n i t y .
The Hatteras sampling areas were predominantly under the 
influence of warm water with bottom water temperatures sometimes
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exceeding those of the  South a rea . Cold water may p e r io d ica l ly  
intrude in to  the  area as evidenced by the  low temperature (16.4°C) 
observed in Hatteras:North during October.
Sediments throughout the  area were generally  f in e  to  medium sands 
with le ss  than f ive  percent s i l t  and clay . Around Cape H a tte ras ,  the 
modification of cu rrren t  p a tte rns  by Diamond Shoals re su lted  in the 
establishment of a va rie ty  of sedimentary regimes. In portions of the 
Hatteras .’South and Hatteras:M1d a reas ,  the  p ro tec tion  afforded by the 
Shoals allowed deposition of f in e r  m a te r ia ls .  The proportion of s i l t  
and clay exceeded 20% in these  a reas . In much of the  Hatteras:North 
a rea , curren t v e lo c i t ie s  were apparently  g rea te r  since sediments were 
extremely w ell-so rted  sands (standard deviation  about the  mean 0 .4 -0 .6  
0) with neg lig ib le  amounts of s i l t  and clay (<0.1%).
Biological environment
Diverse macrobenthic assemblages were present on the North 
Carolina continental sh e l f  (Table 2 ) ,  with over 624 species co lle c te d ,  
422 of which were co llec ted  during the June c ru ise  alone during which 
sampling was most in ten s iv e .  Most groups were represented by too few 
species to  allow analysis  of biogeographic p a t te rn s ,  th e re fo re  only 
the Polychaeta, B iva lv ia , Gastropoda and Amphipoda will be considered 
in d e t a i l .
. A la rge  number of undescribed species was co llec ted  (ca . 40), 
p a r t ic u la r ly  in the  South a rea , r e f le c t in g  our inadequate knowledge of 
the fauna of the South A tlan tic  Bight. Description of some new taxa
Table 2. Macnofaunal groups collected. Nutters in parentheses are total nutter 
of species collected during all four sanpling periods and nuiter 
collected during Jute alone.
CNIDARIA Crustacea (continued)
Anthozoa (1+/1+) - partially analyzed Mysidacea (4/2)
Hydrozoa -  unanalyzed Cunacea (B*-/&*-) -  partially analyzed
Tanaidacea -  utanalyzed
PLATYHELMINTHES (2/1) Isopoda (12/10)
Anphipoda (56/47)
RHYN0000ELA (12/5) Decapoda (52/20)
ANNELIDA SIPUNCULA (8/7)
Poly:haeta (258/188)
Oligochaeta (13+/13+) - partially analyzed ECHIURA (1/1)
MXLUSCA PHORONIDA -  unanalyzed
Polyplacophora (3/2)
Scaphopoda (5/2) ECTOPRQCTA - utanalyzed
Gastropoda (68/41)
Bivalvia (77/47) BRACHIOPOQA (1/1)
Cephalopoda (2/0)
CHAET0GNA7HA - utanalyzed
ARTl-ROPOQA
Pytnogonida (4/3) ECHINOOERMATA
Crustacea Asteroidea (2/0)
Cephalocarida (1/1) Ophiuroidea (4/1)
Ostracoda (24/19) Holothuroidea (1/0)
Ccpepoda - utanalyzed Echinoidea (2/0)
Cirripedia - unanalyzed
Stomatopoda (2/1) CEPHALOCHORDATA (1/1)
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co llec ted  in th i s  study have already appeared in the  l i t e r a tu r e  
(Bertelsen and Weston, 1980; Erseus, 1982) and o thers  are  in 
p repara t ion . Twenty-two range extensions have been es tab lished  by 
these  c o l le c t io n s  (Appendix 1) and are  included in biogeographic 
analyses below.
Biogeographic a f f i n i t i e s
The biogeographic a f f i n i t i e s  of species co llec ted  in each of four 
dominant groups were evaluated on the  basis  of species d is t r ib u t io n s  
given in the l i t e r a t u r e .  Each species co llec ted  was assigned to  one 
of e igh t d is t r ib u t io n a l  ca teg o rie s  (Figure 2) using the  provincial 
boundaries fo r the United S ta tes  eas t coast as delineated  by Hall 
(1964), with the  exception th a t  the  Caribbean/Carolinian boundary was 
placed at Cape Canaveral ra th e r  than near S t .  Augustine, F lorida as 
Hall suggested. The d is t r ib u t io n a l  ca teogries  used and th e i r  
abbreviations are :
Caribbean-Carolinian (Cb-C) -  south of Cape Canaveral to  south 
of Cape H atte ras ,
Carolinian (C) -  north of Cape Canaveral to  south of Cape 
H a tte ras ,  including the  northern Gulf of Mexico,
Carribbean-Virginian (Cb-V) -  south of Cape Canaveral to  south of 
Cape Cod,
Carolin ian-V irginian (C-V) -  north of Cape Canaveral to  south of 
Cape Cod,
Caribbean-Nova Scotian (Cb-NS) -  south of Cape Canaveral to  north 
o f  Cape Cod,
Carol inian-Nova Scotian (C-NS) -  north of Cape Canaveral to  north 
of Cape Cod,
Figure 2. Geographic ex ten t of the e ig h t  d is t r ib u t io n a l  ca tegories  
in to  which a l l  macrofaiinal species considered were 
grouped. Arrows in d ica te  species d is t r ib u t io n s  may 
extend beyond area shown.
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Virginian (V) -  north of Cape H atteras to  south of Cape Cod,
Virginian-Nova Scotian (V-NS) - north of Cape Hatteras to  north 
of Cape Cod.
Not included in these  analyses were undescribed or undetermined 
species (e .g .  Grubeulepis sp. A, Magelona s p . ) ,  species with uncertain  
d is t r ib u t io n s  (e .g .  Mooreonuphis nebulosa, Schistomeringos rudo lph i) , 
species endemic to  North Carolina (e .g .  Polydora hartmanae, Polycera 
c h i l lu n a , C ryoturris  e la ta  and Maera carol ini a n a ) , and species with 
a l l  East Coast records from North Carolina (e .g . Heteropodarke 
hetermorpha, Lumbrineriopsis paradoxa).
Species of southern a f f in i ty  were f a r  b e t te r  represented than 
those of northern a f f in i t y  (Table 3). In the Mollusca, species 
prim arily  d is t r ib u te d  south of Cape Hatteras outnumbered those 
prim arily  d is t r ib u te d  north of H atteras by a six  to  one r a t i o .  A 
g rea te r  northern component was evident in the Polychaeta and 
Amphipoda, but southern species s t i l l  outnumbered northern species by 
a r a t io  of two to  one.
The re la t iv e  proportions of species with 1) d is t r ib u t io n s  
trav e rs in g  Cape H atte ras ,  2) broad d is t r ib u t io n s  in the  western 
A t la n t ic ,  and 3) d is t r ib u t io n s  extending beyond the western A tlan tic  
were used to  determine which groups were most broadly d is t r ib u te d .  By 
a l l  these c r i t e r i a  the Polychaeta and Amphipoda had the broadest 
d i s t r ib u t io n s .  Approximately 70% of the  species in both groups were 
d is t r ib u te d  on both sides of Cape H atteras while only about 40% of the 
Bivalvia and Gastropoda had d is t r ib u t io n s  extending around H atteras. 
Though most of the  amphipod species (70.5%) had d is t r ib u t io n s
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extending on both s ides of Cape H atte ras ,  very few (4.5$) had 
d is t r ib u t io n s  extending from the Caribbean province to  th e  Nova 
Scotian province. Only two spec ies ,  Rhepoxynius epistomus and 
Ampelisca agass iz i were d is t r ib u te d  along the  e n t i r e  e a s t  coast of the  
United S ta te s .
Of the 176 species of polychaetes c o l le c te d ,  only 41.5% were 
endemic to  the  western A t la n t ic .  In c o n tra s t ,  65.9% of the  amphipods 
and 90.8% of the molluscs were endemic. There were more species with 
amphiamerican d is t r ib u t io n s  than th e re  were with amphiatlantic  
d is t r ib u t io n s .
Latitud inal changes in the biogeographic a f f i n i t i e s  of the  fauna 
were evaluated using the June data only (Figure 3 ) . In the  Polychaeta 
the most common d is t r ib u t io n a l  types were the  Caribbean-Virginian and 
C aro lin ian-V irg in ian . The stenothermal warm-water species (Cb-C) 
comprised an appreciable percentage of the fauna only south of Cape 
Hatteras and p a r t ic u la r ly  in the  South sampling area . Though 
Caribbean-Carolinian species comprise 18% of the  polychaete fauna of 
the  South a rea , they are generally  found in very low d e n s i t ie s .  
Examples included Aphrogenia a lb a , Mexieulepis weberi, Phyllodoce 
castenae and Glycera t e s s e l a t a . Carolinian species represented 9 to  
20% of the polychaete fauna throughout the study a rea ,  even in the  
s i t e s  north of Cape Hatteras where they would not be expected to  occur 
since th e i r  northern boundary is  generally  considered to  be Cape 
H atteras .
Figure 3. Proportional d is t r ib u t io n  of species w ithin the e ig h t  
d is t r ib u t io n a l  ca tegories  as grouped by major taxon and 
sampling a rea . Number in parentheses ind ica tes  number of 
species of each taxon co llec ted .
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Polychaete species of northern a f f i n i t y  were represented almost 
e n t i r e ly  by those of Carolinian-Nova Scotian d i s t r ib u t io n s .  Virginian 
and Virginian-Nova Scotian components, species lim ited  in t h e i r  
southward d is t r ib u t io n  a t  Cape H atteras ,  were ra re .  Only two 
Virginian polychaete species were co llec ted  (Goniadella g r a c i l i s ,  
Cabira i n c e r t a ) and both of these  were found north of Cape H atteras . 
Four Virginian-Nova Scotian species were co llec ted  (Travisia  fo r b e s i , 
F Iabel1i gera a f f i n i s ,  Cossura lo n g o c irra ta ,  Pro todorv illea  
g aspeensis ) . Of these  £ .  a f f in i s  was co llec ted  south of Cape Hatteras 
and i t s  occurrence th e re  had been te n ta t iv e ly  suggested by Day (1973).
The bivalves displayed biogeographic a f f i n i t i e s  very d i f f e re n t  
from those of the  polychaetes. Carolinian and Caribbean-Nova Scotian 
species were absent with the exception of the Caribbean-Nova Scotian 
species Thyasira t r i s in u a ta  in  th e  South a rea . The dominant bivalve 
component was the  subtropical fauna d is t r ib u te d  throughout the 
Caribbean and Carolinian provinces. The percentage of 
Caribbean-Carolinian bivalves was g re a te s t  in the  South area (52%) but 
remained high throughout the study a rea . Even in  the  North area 
Caribbean-Carolinian species (Diplodonta punctata, Pi t a r  fu lm inatus) 
comprised 18% of the  fauna. Bivalves in sampling s i t e s  north of Cape 
H atteras demonstrated a strong cold water a f f in i t y  with comparatively 
high percentages of Carolinian-Nova Scotian species (e .g . Solemya 
velum, Ensis d i r e c tu s ) and Virginian-Nova Scotian species (PIacopecten 
magellanicus, Cerastoderma pinnulatum). South of Front:43 a g rea te r  
percentage of warm-water Caribbean-Virginian species were co llected
(e .g .  Varicorbula o p e rcu la ta , Parvilucina m u l t i l in e a ta , Argopecten 
g ibbus).
The gastropods, l ik e  the  b iva lves, were prim arily  of subtropical 
a f f in i t y  with a high proportion (25 to  100%) of Caribbean-Carolinian 
species (e .g .  Phi l in e  sag ra , Cyclichnella  b id e n ta ta , Niso a e g le s s ) .
The Caribbean-Virginian component (e .g .  Acteon p u n c to s t r ia tu s , Caecum 
carolinianum) became increas ing ly  important in the  southern a reas . 
Species of northern a f f in i t y  were ra re ly  c o lle c ted .  Unlike a l l  o ther 
groups examined, the  gastropods had few Carolinian-Nova Scotian 
species throughout the study area . A Virginian component was absent 
and the only Virginian-Nova Scotian species co llec ted  was Lunatia 
heros.
The dominant d is t r ib u t io n a l  type in the  amphipods throughout most 
of the  study area was the  Carolin ian-V irginian component. Some of the 
most abundant species of th i s  type were Ampelisca v e r r i l l i , Lembos 
w ebste r i , Bathyporeia p a rk e r i , Pnotis pugnator and L i s t r i e l l a  
ba rn a rd i. Caribbean-Carolinian species were co llec ted  a t  most s i t e s  
although they were best represented a t  F ron t:43 (Ampelisca c r i s to id e s , 
Metharpinia f lo r id a n u s , Phtisca marina) and the South area (A. 
c r i s to id e s , M. f lo r id a n u s , Lembos u n ico rn is , Microdeutopus myersi, 
Podocerus b r a s i l i e n s i s ) .  As in most of the o ther faunal groups,
Carolinian-Nova Scotian species were most prevalent in the  northern 
portion of the  study a rea ,  and the Virginian-Nova Scotian species were 
poorly represented.
Rate of faunal change with la t i tu d e
A comparison of the  species composition of the  North and South 
areas is  perhaps the simplest method to  evaluate the ra te  of faunal 
change with la t i tu d e  and the  e ffec t iveness  of Cape Hatteras as a 
zoogeographic b a r r i e r .  Using combined data from a l l  four c ru is e s ,  the 
gastropods show the  g re a te s t  faunal change with only 11% of the  
species common to  both the South and North a reas . Amphipods show the 
le a s t  faunal change with 42% of the  species common to  both the  South 
and North a reas . Bivalves and polychaetes have 32% and 35% shared 
species re sp ec tiv e ly .
A modification of a method o r ig in a l ly  proposed by Sanders (1977) 
was a lso  used to  evaluate the  r e la t iv e  ra te  of faunal change with 
la t i tu d e  fo r  the four dominant macrobenthic tax a .  The Bray-Curtis 
s im ila r i ty  measure (Bray and C u rt is ,  1957), with log-transform ation of 
abundances, was used to  ca lcu la te  the faunal s im ila r i ty  between a ll  
possible  s ta t io n  pa irs  sampled during the June c ru ise .  S im ila r i ty  
values obtained from the 45 possible  s ta t io n  pa irs  were grouped in to  
categories  and the mean la t i tu d in a l  d is tance  and standard deviation  
calcu la ted  fo r a l l  s ta t io n  pairs  in each s im ila r i ty  category (Figure 
4 ) . The percentage of the to ta l  s ta t io n  pa irs  in each s im i la r i ty  
category was a lso  ca lcu la ted  (Figure 5).
Gastropods demonstrated a tendency to  have r e la t iv e ly  short 
la t i tu d in a l  d is tances between s ta t io n  pairs  with a high s im i la r i ty ,  
ind ica tive  of rapid faunal turnover between sampling a reas . The 
gastropods also had a comparatively la rg e r  percentage of s ta t io n  pairs
■ S k ,
Figure 4 Rate of faunal change with la t i tu d e  fo r  the four major 
macrofaunal groups. Mean la t i tu d in a l  d is tance  and 
standard deviation  between a l l  s ta t io n  p a irs  w ithin the 
prescribed s im i la r i ty  ca tegories  i s  shown.
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in  low s im i la r i ty  ca tegories  (53% of s ta t io n  pairs  with s im i la r i ty  
<0.30). Thus, among the four dominant taxa the  gastropods had the 
narrowest ranges and showed the g re a te s t  d is s im i la r i ty  among the 
sampling a reas .
The polychaetes, bivalves and amphipods were s im ila r  to  one 
another and d i s t i n c t  from the  gastropods in t h e i r  r a te  of faunal 
change. For the  polychaetes, the  proportional d is t r ib u t io n  of s ta t io n  
pairs  was skewed s l ig h t ly  more toward higher s im i la r i ty  categories  
than fo r  the o ther faunal groups. However the  amphipods tended to  
have a g rea te r  l a t i tu d in a l  d is tance  between s ta t io n  pa irs  a t  any given 
s im ila r i ty  level than e i th e r  the polychaetes or b ivalves. Overall the  
polychaetes and amphipods showed the le a s t  faunal change throughout 
the study a rea , followed c lose ly  by the  b ivalves. The gastropods 
showed the g re a te s t  faunal change.
15....
DISCUSSION
Most macrobenthic species of the  cen tra l  continental sh e lf  in the  
v ic in i ty  of Cape H atteras  exhibited  warm-water a f f i n i t i e s .  This 
pa tte rn  was c lea r ly  seen in a l l  four major macrofaunal groups 
examined, the  Polychaeta, B ivalv la , Gastropoda and Amphipoda, with 
species of warm-water a f f i n i t y  comprising about one-half to  
th ree -fo u r th s  of the to ta l  spec ies . The dominant faunal component was 
the  stenotherm al, subtropical group of species d is t r ib u te d  throughout 
the  Caribbean and along the eas t  coast of the  United S ta tes  as f a r  
north as North Carolina. Species of the  second la rg e s t  faunal group 
were a lso  of Caribbean a f f i n i t i e s  but reached th e i r  northern boundary 
between North Carolina and Massachusetts. The Cape Hatteras region 
was c le a r ly  e f fe c t iv e  as a faunal boundary to  the  northward range 
extension of southern spec ies .  Thirty-seven percent of the  species 
co llec ted  reached th e i r  northern l im it  within the  study a rea ,  although 
the percentage varied g rea t ly  among the  four macrofaunal groups (20 to  
57%).
Numerous Carolinian species fo r  which Cape Hatteras i s  generally  
considered to  be the  northern l im it  were found up to  85 km north of 
the  Cape near the la t i tu d e  of Oregon In le t  (Appendix 2 ) . The 
co l le c t io n  of southern species on the  inner and cen tra l sh e lf  between 
Cape Hatteras and Oregon In le t  has previously been reported fo r 
molluscs (M errill e t  a l . ,  1978) and podocopid ostracods (Hazel, 1975).
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The occurrence of Carolinian species within the  southern portion of 
the  Virginian province does not Ind ica te  th a t  Cape Hatteras 1s 
In e f fec t iv e  as a faunal b a r r ie r .  Rather 1t r e f le c t s  the  gradual 
nature of faunal change between provinces.
Four some southern sp ec ie s ,  occurrences north of Cape Hatteras 
may represent e x t r a l lm i t a l , non-reproducing populations 
( 'pseudopopulatlons ' of Milelkovsky, 1971) re su l t in g  from the 
northward tran sp o r t  of larvae around Cape H atteras by the  Gulf Stream. 
This s i tu a t io n  would not apply to  amphipods co llec ted  north of the  
Cape since they have d i re c t  development. However some of the  molluscs 
co llec ted  north of Cape H atteras may be incapable of reproduction and 
dependent upon continued in flux  of larvae from the  south fo r  
maintenance of th e i r  populations. The occurrence of populations 
incapable of reproduction or with a high ra te  of reproductive f a i lu r e  
is  probably typ ica l  of junc tu res  between biogeographic provinces.
Species of cold-water a f f in i t y  were poorly represented on the  
North Carolina continental sh e lf  comprising only 17% of the to ta l  
fauna. The m ajority  of these  species were d is t r ib u te d  on both sides 
of Cape H atteras ,  and reached th e i r  southern l im it  in northern 
F lorida . Only 4.5% (15 species) of the  species co llec ted  reached 
t h e i r  southern l im it  of d is t r ib u t io n  in the  Cape Hatteras a rea . The 
weak boreal influence i s  fu r th e r  i l l u s t r a t e d  by the  absence of many 
typ ica l cold-water genera in the  co lle c t io n s  such as Brada 
(Polychaeta), A s ta r te ,  Propebela (Mollusca), Harpinia and Hippomedon 
(Amphipoda).
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Two fa c to rs  are probably responsible fo r  the  poor rep resen ta tion  
of boreal fauna in the  c o l le c t io n s .  Many boreal species which are 
able  to  penetra te  southward beyond Cape Cod are unable to  reach Cape 
H a tte ras ,  but ins tead  reach th e i r  southern l im it  within the  Middle 
A tlan tic  Bight. This pa tte rn  has been demonstrated fo r  many species 
of polychaetes (Kinner, 1978), opisthobranch molluscs (Franz, 1970), 
amphipods (Bousfield , 1973) and benthic algae (Searles and Schneider, 
1980). The absence of sh a l1ow-water boreal species south of New 
Jersey has been a t t r ib u te d  to  warm summer temperatures (Franz, 1970).
A lte rn a tiv e ly ,  many boreal species exh ib it  equatorward 
submergence in the  Middle A tlan tic  Bight (Dickinson e t  a l . ,  1980;
Franz and M e rr i l l ,  1980a). Boreal species which are able to  reach 
North Carolina may occur in water depths g re a te r  than were sampled in 
t h i s  study (54 m). While some boreal species may be d is tr ib u te d  in 
t h i s  manner (Gray e t  a l . ,  1968), most of the  megafauna of the  outer 
s h e l f  between Cape Hatteras and Oregon In le t  1s of t ro p ica l  ra th e r  
than boreal a f f in i ty  (Cerame-Vivas and Gray, 1966).
Fourteen species were co llec ted  th a t  were e i th e r  endemic to  North 
Carolina (4 species) or th a t  have been recorded in the  northwestern 
A tlan tic  only from North Carolina (10 sp ec ie s) .  I t  is  doubtful th a t  
these  species w ill be found unique to  North Carolina as additional 
c o l le c t io n s  are made on the continental s h e l f .  The d is t r ib u t io n s  of 
most of these  species will probably be found to  extend southward from 
North Carolina as the  benthos of the  sh e lf  throughout th e  South
A tlan tic  Bight becomes as well known as th a t  of the  Middle A tlan tic  
Bight.
Biogeography and la rva l d ispersa l
The four macrofaunal groups considered are rep resen ta tiv e  of a 
wide v a r ie ty  of reproductive s t r a te g ie s  and consequently have 
d i f f e r in g  cap ac it ie s  fo r  la rval d is p e r sa l .  At one end of the  spectrum 
a re  th e  B ivalvia, with the  highest proportion of species having a 
pelagic  larval phase. D irec t, le c i th o tro p h ic  and planktotrophic 
development have a l l  been reported in  th e  B ivalv ia , but the  vast 
m ajority  of temperate and subtropical spec ies , the  dominant groups 1n 
th i s  study, have plankotrophic la rvae  (Mileikovsky, 1971; Ockelmann, 
1965). The Gastropoda and Polychaeta are Intermediate 1n larval 
d ispersa l  c a p a b i l i t i e s  since some species may have a long pelagic 
la rv a l phase while o ther species may forego the  pelagic larval phase 
e n t i r e ly  (Fauchald, 1983; Mileikovsky, 1971; Pe ttibone, 1982; 
Robertson, 1976; Thorson, 1950). At the o ther extreme are the  
Amphipoda, with no pelagic la rval s tage . Like a l l  peracaridan 
crustaceans, amphipods brood t h e i r  eggs and development is  d i re c t .
I t  has been suggested th a t  the  g re a te r  the  length of pelagic 
la rv a l l i f e  the  g rea te r  should be the  anim al's  a b i l i t y  to  bridge 
geomorphological b a r r ie r s  and the broader should be i t s  geographic 
range (Hansen, 1980; Jackson, 1974; Scheltema, 1977; Shuto, 1974).
Even a r e l a t iv e ly  minor b a r r ie r  may l im it  the  d is t r ib u t io n  of a 
species  without a pelagic  l i f e  phase since i t  would have to  survive 
within a h o s t i l e  environment in order to  t ra v e rse  the b a r r ie r .
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Because of the  sedimentary regime of Diamond Shoals, the  gemorphology 
of Cape H atteras has been suggested to  l im i t  the  northward 
d is t r ib u t io n  of several echinoderm species lacking a pelagic larval 
phase of s u f f ic ie n t  duration to  enable passage around the  Cape 
(Harrington, 1981).
I f  the  proportion of species having planktotrophic  la rva l stage 
was the  f a c to r  c o n tro ll in g  the  breadth of d is t r ib u t io n  in the  four 
macrofaunal groups examined, one would expect the  bivalves to  be the  
most broadly d is t r ib u te d ,  the  polychaetes and gastropods in te rm edia te , 
and the amphipods most narrowly d is t r ib u te d .  However based on both 
the  faunal changes within the  Cape Hatteras area and the ex tent of 
geographic range throughout the  A tlan tic  Ocean in general, the 
amphipods and polychaetes were the most broadly d is t r ib u te d  and the  
molluscs, p a r t ic u la r ly  the  gastropods, were the  most narrowly 
d is t r ib u te d .  The amphipods were more broadly d is t r ib u te d  than would 
be expected on the  basis of la rval d is p e r s a b i l i ty  alone, while the 
bivalves and, p a r t i c u la r ly ,  the  gastropods were su rp ris ing ly  narrowly 
d is t r ib u te d .
Three mechanisms probably account fo r  the  ease with which the 
amphipods have bridged th e  Cape Hatteras b a r r ie r .  For a minority of 
the  spec ies , most notably the hausto r iid  amphipods, the  sedimentary 
regime o f Diamond Shoals i s  probably not an inhosp itab le  environment. 
These species are  c h a r a c te r i s t i c  inhab itan ts  of the  dynamic, 
w ell-so rted  sands which are  typ ica l of th e  Shoals and continuous along 
much of the  American A tlan tic  seaboard. For o ther species ,
134
Indiv iduals  may p e r io d ica l ly  be transported  around the  Cape and even 
across the  A tlan tic  while c ling ing  to  flotsam . The Importance of 
p lanktonlc d ispersa l of adult amphlpods by ra f t in g  has become 
Increasingly  evident 1n inves t ig a t io n s  of remote oceanic Islands 
(Barnard, 1965; 1970; 1976). Species co llec ted  such as Caprella 
e q u i l ib ra , Lembos w eb ste r l , M elita appendiculata and Jassa  fa lc a ta  are 
a l l  associated  with material such as hydrolds, algae or seagrasses 
which would increase  t h e i r  po ten tia l  fo r  d ispersa l by ra f t in g .
The a b i l i ty  of Infaunal amphipods, such as the  am pellscids, to  
t ra v e rse  Cape H atteras i s  more problematic. These amphlpods are not 
apt to  be found in the dynamic sands of Diamond Shoals nor are they 
associated  with ra f ta b le  m a te r ia l .  Their opportunity  to  trav e rse  Cape 
Hatteras may have occurred in the  geologic p a s t ,  probably during 
P leistocene in te rg la c ia l  periods. This p o s s ib i l i ty  i s  discussed a t  
length below.
Despite the ex istence of a p lanktotrophic la rval s tage , 
d is t r ib u t io n s  of the  molluscs were narrower than those of the  
amphipods and polychaetes. Within the study areea th i s  was re f lec ted  
in the  d is s im i la r i ty  of the  North and South areas and the ra te  of 
la t i tu d in a l  faunal change. On a broader s c a le ,  bivalves and 
gastropods had fewer species with am phiatlantic  or amphiamerican 
d i s t r ib u t io n s .
The co rre la t io n  between duration of planktonic la rval l i f e  and 
extent of geographic range presupposes a range of physiological 
to le rance  s u f f ic ie n t  to  allow survival in divergent c lim atic  regimes.
The comparatively narrow d is t r ib u t io n s  of the  molluscs and 
p a r t ic u la r ly  the  gastropods, 1n s p i te  of an e f f i c i e n t  d ispersa l 
mechanism, may be the  re su l t  of r e la t iv e ly  lim ited  environmental 
to le ran ce  (s tenotopy). However i t  i s  almost Impossible to  d i r e c t ly  
determine the  r e la t iv e  degree of eurytopy among macrofaunal groups. 
Instead the  degree of eurytopy i s  generally  in fe rred  from geographic 
d is t r ib u t io n  (Hansen, 1980; Jackson, 1974; Sanders, 1977). Some 
experimental evidence is  av a ilab le  suggesting g rea te r  eurytopy among 
the  Crustacea in  comparison to  the  Mollusca, a t  le a s t  in  regard to  
s a l i n i ty  to le ra n ce  (Pearse, 1936; Topping and F u l le r ,  1942; Wells, 
1961). Vermeij (1972) suggested th a t  Crustacea of h ig h - in te r t id a l  
areas are  generally  more eury topic  than gastropods in the  same 
h a b i ta t .
Paleobiogeography
The Cape H atteras  area was of varying e ffec t iv en ess  in  lim it ing  
species d is t r ib u t io n s  among the  four macrofaunal groups examined, but 
the  fa c t  th a t  the  d is t r ib u t io n s  of a la rge  number of taxa do terminate 
in  th i s  area is  ind ispu tab le . However throughout the  h is to ry  of the 
North A t la n t ic ,  Cape H atteras has not always been as e f fe c t iv e  a 
zoogeographic b a r r i e r  as i t  i s  today . The T e rtia ry  h is to ry  of the  
North A tlan tic  in  reference to  Cape H atteras was discussed by Franz 
and M errill (1980b). From the opening of th e  North A tla n t ic  Basin in  
the  l a t e  T r ia s s ic  (ca. 200 my ago) to  the  mid-Pliocene (ca. 3 my ago) 
the  Gulf Stream flowed along the  e n t i r e  A tlan tic  coast from Florida to  
Newfoundland (Berggren and H o l l i s t e r ,  1977). Inves tiga t ions  of 
Miocene deposits  show th a t  species  of warm-water a f f i n i t y  were able to
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penetra te  northwards along the  coast beyond Cape Hatteras (Hazel, 
1971). Molluscs show no evidence of a faunal b a r r ie r  a t  Cape Hatteras 
a t  th a t  time (Hecht, 1969; Hecht and Agan, 1972). Two re levan t events 
occurred during the  Pliocene. F i r s t ,  e leva tion  of the  Isthmus of 
Panama (ca. 4 my ago) created a continuous land bridge between North 
and South America, severing the  connection between the  A tlan tic  and 
P ac if ic  and ending exchange of warm-water marine fauna. Secondly, the 
development of g la c ia t io n  in the  Northern Hemisphere (ca . 3 my ago) 
re su lted  in the  establishment of the  Labrador Current System in the 
northwestern A tla n t ic .  The Labrador Current System deflec ted  the  Gulf 
Stream southward and estab lished  the biogeographic provinces along the 
American A tlan tic  coast as we know them today (Berggren and H o l l i s te r ,  
1977). I t  was a t  th i s  tim e, during the  mid to  l a t e  P liocene, th a t  the 
Cape H atteras area f i r s t  became e f fe c t iv e  as a faunal b a r r ie r .
With continued c lim atic  d e te r io ra t io n  during the remainder of the  
Pliocene and in to  the  P le is tocene , the  gradient of faunal change in 
the Cape Hatteras area became increasing ly  sharper. The t r a n s i t io n  
between cold and warm-water fauna a t  Cape Hatteras was probably most 
abrupt during Pleis tocene g lac ia l  periods. North of the  Cape 
temperatures were lower than a t  present (McIntyre e t  a l . ,  1976) 
perm itting the  in tru s io n  in to  the  Middle A tlan tic  Bight of many 
cold-water species which today are  lim ited by Cape Cod (Hazel, 1968). 
South of Cape Hatteras sea temperatures were much as they are  today. 
Supplementing the  thermal b a r r ie r  a t  Cape Hatteras was the  physical 
b a r r ie r  imposed by the  Cape i t s e l f .  At present the  sh e lf  o f f  Cape 
Hatteras i s  narrower (23 km) than the  sh e lf  a t  any o ther point along
the eas te rn  seaboard north of Cape Canaveral. With the  lower sea 
lev e ls  accompanying g la c ia t io n  the  sh e lf  area av a ilab le  fo r  passage of 
shallow-water benthic species around Cape Hatteras would have been 
v i r tu a l ly  elim inated .
During P leis tocene In te rg la c ia l  periods the  Cape Hatteras area 
became le ss  e f fe c t iv e  in l im it ing  the  d is t r ib u t io n  of shallow-water 
benthic spec ies .  P le is tocene In te rg la c ia l  deposits  in Virginia 
contain many warm-water species which today a re  r e s t r i c t e d  to  waters 
south of Cape Hatteras (Richards, 1936; 1962; Valentine, 1971; Oaks e t  
a l . ,  1974). A 15 m r i s e  above the present sea level would have 
increased the ex tent of the continental sh e lf  o ff  Cape Hatteras from 
the 23 km of today to  135 km. Shelf waters north and south of Cape 
Hatteras would have intermingled and diffused  over a broad expanse of 
shallow sh e lf  (Valentine, 1971). The marked convergence of isotherms 
which e x is ts  today would not have ex is ted ,  and shallow-water benthic 
organisms would have had unimpeded passage around the Cape. Hansen 
(1980) has demonstrated th a t  species without planktonic larvae are 
able to  transverse  geographic b a r r ie r s  during periods of transgress ion  
which would be impassable during regress ive  phases.
The marine fauna of the  northwest A tlan tic  has been shown to  have 
a strong s im ila r i ty  to  th a t  of the  northeast A t la n t ic ,  with the 
percentage of am phiatlantic  species decreasing southward (Franz, 1970; 
Franz and M e r r i l l ,  1980b; Hazel, 1970; Kinner, 1978). The species 
co llec ted  o ff  North Carolina showed a c lo se r  re la t io n sh ip  to  the  
Pac ific  Ocean than to  the  easte rn  A tlan tic  (Table 3) in  s p i te  of the
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f a c t  th a t  th e re  1s no warm-water connection between the Pac ific  and 
A tlan tic  a t  p resen t.  I t  i s  believed th a t  the  a f f i n i t y  of th e  North 
Carolinian fauna with th a t  of the  Pac if ic  can be explained only with 
regard to  the  geologic h is to ry  of the  area .
The orig in  of much of the  present North Carolinian fauna can be 
traced  to  easte rn  P ac if ic  progenitors which migrated in to  the  western 
A tlan tic  p r io r  to  the Pliocene establishment of the Central American 
land bridge. For example, of the  four Ampelisea (Amphipoda) species 
co llec ted  in th i s  study (A. vadorum, A. v e r r i l l i . A. a g a s s iz i , A. 
c r i s to id e s ) ,  th ree  are found 1n the  easte rn  P ac if ic  today or are 
derived from easte rn  P ac if ic  stocks (M ills , 1965; 1967). The A tlan tic  
'A. c r i s t o i d e s 1 may be d i s t in c t  from the  P ac if ic  species (R. Heard, 
pers. comm.) but i t s  morphological s im i la r i ty  suggests a common 
o r ig in .  Only A. vadorum has l i t t l e  a f f in i t y  with eas te rn  Pac ific  
species and is  probably derived from easte rn  A tlan tic  stocks of the  
la te  Mesozoic or ear ly  T e rtia ry  (M ills ,  1965). The phoxocephalid 
amphipods co llec ted  (Metharpinia f lo r id a n u s , Rhepoxynius epistomus) 
are found in only the  western A tlan tic  and easte rn  P ac if ic  and 
probably migrated in to  the  A tlan tic  via the  Central American region as 
well (Barnard, 1960). Of the  f ive  glycerld  polychaetes co llec ted  
(Hemipodus ro seus , Glycera t e s s e l a t a , ja. americana, G. d ib ranch iata  
and G. oxycephala) a l l  have eas te rn  P ac if ic  populations while only one 
(£. t e s s e la t a )  i s  found in the  eas te rn  A t la n t ic .  Nearly a l l  the 
molluscs co llec ted  are endemic to  the  western A tlan tic  but t h e i r  eas t  
P ac if ic  orig in  is  evident in the  number of shared genera and cognate 
species in the  eas te rn  P ac if ic  (Vermeij, 1978). The fa c t  th a t  so few
mollusc species are common to  the  A tlan tic  and P ac if ic ,  suggests a 
more rapid evolutionary divergence in  the  molluscs since the  Pliocene 
than in e i th e r  the  polychaetes or amphipods.
Throughout much of th e  T ertia ry  period species immigrating in to  
the  western A tlan tic  via  Central America were able to  extend t h e i r  
range throughout the  Caribbean, Gulf of Mexico and along th e  North 
American A tlan tic  coas t,  aided in t h e i r  northward d ispersa l by the  
Gulf Stream. By the  Miocene epoch a continuous warm-water fauna 
ex isted  along the  North American coast from Florida to  Newfoundland. 
With th e  formation of the  Labrador Current and the  southward 
displacement of the Gulf Stream a coo ler ,  seasonally -variab le  marine 
clim ate developed on the  sh e lf  north of Cape H atteras .  Stenothermal 
species became r e s t r ic te d  to  the  waters south of Cape Hatteras while 
eurythermal species were able to  adapt to  the  c lim atic  d e te r io ra t io n  
and maintain populations on both s ides of the  Cape.
I t  i s  from these  l a t e r  groups of eurytopic species of Miocene 
ancestry  th a t  the  ' t r a n s h a t te r a n '  fauna of Franz and M errill (1980a; 
1980b) i s  derived. The t ra n sh a t te ra n  fauna has been defined as 
predominantly e s tu a r in e  and shallow -shelf species which are endemic to  
th e  American A tlan tic  coast (Franz and M e r r i l l ,  1980a; 1980b). Most 
are d is t r ib u te d  north to  Cape Cod though they may extend as f a r  north 
as Newfoundland. Their southern boundary may be anywhere from Florida 
to  B ra z i l .  The vast m ajority  of species are of southern a f f in i t y  but 
some cold-water species o f  North P ac if ic  ancestry  may also  exh ib it  
t ra n sh a t te ra n  d is t r ib u t io n s  (Franz e t  a l . ,  1981). Franz and M errill
(1980a) coined the term ' t r a n sh a t te ra n '  to  describe a species type 
ra th e r  than a geographical zone. The 'Transhatteran  Province' of 
Watling (1979), although r e s t r i c t e d  to  e s tu a r in e  and sh e lf  h a b i ta t s ,  
i s  not s u f f ic ie n t ly  d i f f e r e n t  from the  'T ran sa tlan tic  Province' of 
Woodward (1851-1856) and Johnson (1934) to  warrant d i s t in c t io n .
Species with t ra n sh a t te ra n  d is t r ib u t io n s  were well represented in 
the  co llec tio n s  comprising 57% of the to ta l  species co lle c te d .  Forty 
percent of the  molluscs which Franz and M errill (1980) designated as 
t ra n sh a tte ran  were co llec ted  in the  present study. A d i f f i c u l ty  
a r is e s  however regarding the question of endemicity. Franz and 
M errill (1980a; 1980b) regarded endemicity to  the  American A tlan tic  
coast as an important d is t ingu ish ing  c r i t e r io n  fo r  t ra n sh a tte ran  fauna 
although two of the  tran sh a tte ran  species they l i s t e d  (Franz and 
M er r i l l ,  1980a, App. 3, 4) are found in the  eas tern  Pac if ic  (Thyasira 
t r i s i n u a t a , Terebra d i s lo c a ta ). Of the  species co llec ted  in the  
present study which have tran sh a t te ra n  d i s t r ib u t io n s ,  approximately 
h a lf  are endemic to  the American A t la n t ic .  In the  Mollusca, the  group 
fo r  which the  concept of endemic tran sh a t te ra n  species was i n i t i a l l y  
devised, few of the tran sh a tte ran  species are  d is t r ib u te d  beyond the 
American A tla n t ic .  However 35% of the  Amphipoda and 63% of the 
Polychaeta which have d is t r ib u t io n s  trav e rs in g  Cape Hatteras are  not 
endemic. For groups such as these  which ty p ic a l ly  contain many 
wide-ranging sp ec ie s ,  the  inclusion of endemicity in the d e f in i t io n  of 
t ra n sh a tte ran  species seems too r e s t r i c t i v e .
CONCLUSIONS
1. The macroinvertebrates of the  continental sh e lf  in the  v ic in i ty  of 
Cape H atteras were predominantly of warm-water a f f in i t y .  The 
dominant faunal groups were those d is t r ib u te d  from the  Caribbean 
northward to  North Carolina o r ,  1n some cases , as f a r  north as 
Massachusetts.
2. A la rge  number of southern species generally  considered to  be 
lim ited in th e i r  northward d is t r ib u t io n  a t  Cape Hatteras were, in 
f a c t ,  co llec ted  up to  85 km north of the  Cape. Their occurrence 
north of the  Cape i s  considered to  be r e f le c t iv e  of a gradual 
ra th e r  than an abrupt faunal change between biogeographic 
provinces.
3. Species of northern a f f in i t y  were poorly represented a t  mid-shelf 
depths on the  North Carolina sh e lf .  Most northern species e i th e r  
reach th e i r  southern l im it  1n the  Middle A tlan tic  Bight well to  
the  north of Cape H atte ras ,  or are found only in the  deeper waters 
of the  outer sh e lf  o ff  North Carolina.
4. For fauna of the  cen tra l s h e l f ,  the  North Carolina area i s  f a r
more e f fe c t iv e  in lim it ing  the northward d is t r ib u t io n  of southern 
species than i t  i s  in lim it ing  the  southward d is t r ib u t io n  of 
northern species .
5. The Cape H atteras reigon was le a s t  e f fe c t iv e  in l im it ing  the
d is t r ib u t io n  of amphipods and polychaetes and most e f fe c t iv e  in
lim iting  the d is t r ib u t io n  of gastropods. The a b i l i t y  of the
amphipods to  t ra v e rse  Cape Hatteras may have been achieved by 
ra f t in g  of adults  or passage around the Cape during Pleistocene 
in te rg la c ia l  periods.
6. The a b i l i t y  to  t ra v e rse  Cape H atteras and the ex tent of geographic 
d is t r ib u t io n  in general i s  not dependent merely upon e ff ic ien cy  of 
larval d ispersa l but is  a lso  determined by the degree of eurytopy. 
Molluscs, in general, are presumed to  be more stenotopic  than 
e i th e r  the  polychaetes or amphipods.
7. The e ffec t iveness  of the  Cape H atteras area as a biogeographic 
b a r r ie r  has varied g rea t ly  during the geologic h is to ry .  I t  was 
probably le a s t  e f fe c t iv e  p r io r  to  the  m1d-Pliocene and during 
Pleis tocene in te rg la c ia l  periods.
8. The ' t r a n s h a t te r a n 1 fauna of Franz and M errill  (1980a) comprised a 
s ig n if ic a n t  component of the  North Carolinian fauna. The 
t ran sh a tte ran  fauna, as o r ig in a l ly  conceived, was comprised 
p rim arily  of species endemic to  the American A t la n t ic ,  but th i s  
c r i t e r io n  is  considered too r e s t r i c t i v e  fo r  most macrofaunal 
groups.
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